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Abstract 
Accurate prediction of material properties from composition has long been the “holy 
grail” of the material science community. Such prediction has hitherto been impossible for 
glasses owing to their complicated non-crystalline structure and non-equilibrium nature. 
The properties of glasses are determined from their composition (constituent elements) and 
structure (spatial arrangement of atoms). The goal of this thesis is to quantify the relation 
between composition, structure, and properties of oxide glasses.  
The structure of glasses can be described on different length scales: the short-range 
order corresponds to the first coordination shell and defines a coordination polyhedron; the 
topology is the way the polyhedra are linked together; and the intermediate range order is 
ordering in the second and third coordination shells. Structural models that describe all 
three length scales are developed in order to understand the structure-property relation. 
The rheological properties are very important in glass production, as they determine the 
temperatures at which melting, forming, and annealing must be performed. Two parameters 
can in general describe the rheological properties of oxide glasses: the glass transition 
temperature and the liquid fragility. These two material properties can be related to the 
structure by temperature dependent constraint theory, which has proven a powerful method 
of understanding glass formation and dynamics. 
Constraints are chemical bonds and bond angles around the atoms in the glassy network. 
The total number of possible constraints is determined from the type and number of 
coordination polyhedra in the glass, but their strengths depend on the type of elements and 
topology. The glass transition temperature is related to the number of intact constraints at 
this temperature, and the liquid fragility is related to how fast the number of intact 
constraints changes with temperature. In this thesis an extended constraint model is 
developed, which successfully explains the effect of the type and concentration of network 
modifiers and the mixed network former effect. Perspectives and challenges in using 
temperature dependent constraint theory for property prediction are presented in this thesis.  
The number of constraints at room temperature is found to relate to the hardness of 
oxide glasses. Hardness is a measure of the ability of a material to resist surface damage, 
such as scratching, and has become an important material property with the advent of 
touchscreen devices. The quantitatively best theoretical model of hardness is the Yamane & 
Mackenzie model, which relates hardness to macroscopic material properties such as the 
elastic constraints. It is found that the theoretical derivation of the Yamane & Mackenzie 
model is inconsistent with experimental data for the permanent deformation occurring in 
glass subjected to surface damage, and the model therefore is empirical.   
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Resume (Danish abstract) 
Den “hellige gral” for materiale videnskab har længe været evnen til at præcist kunne 
forudsigelse materiale egenskaber fra komposition alene. Desværre har sådan en 
forudsigelse indtil nu været umulig for glas, idet glas har en kompliceret ikke-krystallinsk 
struktur og ikke er i kemisk ligevægt. Egenskaberne af glas skyldes komposition (kemiske 
elementer) samt struktur (rumligt arrangement af atomer). Målet med denne afhandling er 
at kvantificere sammenhængen imellem komposition, struktur og egenskaberne af oxidglas. 
Strukturen af glas kan beskrives på forskellige længde-skalaer: den første koordinations-
skal af et atom definerer et koordinations-polyeder; netværkstopologien er måden at 
polyedre er sat sammen på; og mikrostrukturen er hvordan anden og tredje koordinations-
skal er ordnet på. Der er blevet udviklet strukturmodeller der beskriver strukturen af glas på 
alle tre længde-skalaer for at kunne forstå sammenhængen imellem struktur og egenskaber. 
Reologiske egenskaber er vigtige i produktionen af glas, idet de bestemmer 
temperaturerne hvor smeltning, formgivning og afstresning skal udføres. To parameter er 
normalt nok til at beskrive de reologiske egenskaber af oxidglas: glas overgangs 
temperaturen og skrøbeligheden. Disse to materiale egenskaber kan kædes til strukturen af 
glas igennem teorien of temperatur-afhængige bindingsbegrænsninger, som kan bruges til 
at forstå glas formation og dynamik.  
Bindingsbegrænsninger er kemiske bindinger og bindingsvinkler omkring atomerne i 
glas netværket. Det totale antal mulige bindingsbegrænsninger kan bestemmes ud fra typen 
og antallet af koordinations-polyedre, men deres styrke afhænger typen af grundstoffer og 
netværkstopologien. Glas overgangs temperaturen afhænger af antallet af intakte 
bindingsbegrænsninger ved denne temperatur, og skrøbeligheden er et mål for hvor hurtigt 
disse bindingsbegrænsninger ændrer sig med temperatur. En udvidet 
bindingsbegrænsnings-model udvikles i denne afhandling, som kan forklare effekten af 
typen og koncentrationen af netværksmodifikatorer samt netværksdannere. Perspektiver og 
udfordringer for anvendelsen af teorien of temperatur-afhængige bindingsbegrænsninger 
for forudsigelse af materiale egenskaber præsenteres. 
Vi har fundet ud af at antallet af netværksbegrænsninger ved stuetemperatur også 
bestemmer hårdheden af oxidglas. Hårdhed er et mål for modstandsdygtigheden af et 
materiale overfor kontaktskade, såsom ridser, og er blevet en vigtig materialeegenskab for 
glas til smartphones. Den kvantitativt bedste teoretiske model af kompositions-
afhængigheden af hårdhed er Yamane & Mackenzie modellen, som relaterer hårdhed til 
makroskopiske materiale egenskaber som de elastiske moduli. Vi har påvist at den 
teoretiske udledning af modellen ikke er konsistent med eksperimentelt data for den 
permanente deformation i glas under kontaktskade, og kan derfor konkludere at modellen er 
empirisk.   
 

ix 
 
Table of contents 
1 Introduction .............................................................................................................. 1 
1.1 Background and challenges ............................................................................... 3 
1.2 Objectives .......................................................................................................... 5 
1.3 Thesis content .................................................................................................... 6 
2 Glass structure: Theory and models ....................................................................... 7 
2.1 Modified phosphate glasses ............................................................................... 8 
2.2 Borophosphate glasses ..................................................................................... 13 
2.3 Phosphosilicate glasses .................................................................................... 25 
3 Compositional dependence of dynamic properties .............................................. 37 
3.1 Definition and theories ..................................................................................... 37 
3.2 Phosphate glasses ............................................................................................. 41 
3.3 Borophosphate glasses ..................................................................................... 51 
3.4 Phosphosilicate glasses .................................................................................... 60 
4 Compositional dependence of mechanical properties ......................................... 65 
4.1 Definitions and theories ................................................................................... 65 
4.2 Soda lime silicate glasses ................................................................................. 69 
4.3 Calcium borophosphate glasses ....................................................................... 73 
4.4 Sodium phosphosilicate glasses ....................................................................... 75 
5 General discussion .................................................................................................. 77 
6 Conclusion and perspectives .................................................................................. 81 
7 Bibliography ........................................................................................................... 83 
 
 
 
 
x 
 
 
1  Introduction   
 
1 
 
1 Introduction 
Glass is an important material in modern society, it is not only an irreplaceable part of 
such traditional products as windows, windshields and light bulbs, but it is also essential for 
hi-tech applications in biomaterials, liquid crystal displays, touch screen devices and optical 
fibers for telecommunication. Glass is ideally suited for these applications because it 
possesses a unique combination of optical transparency with ease of forming and good 
mechanical properties.  
The mechanical properties of glass have two aspects; the elastic properties and fracture 
mechanics. Ideally glass is a purely elastic solid, which means that all deformation is 
reversible, and there is a linear relationship between stress and strain. Linear elasticity 
predicts that failure first occurs when the stress exceeds the strength of the chemical bonds 
in the glass [1]. However, failure often occurs at a much lower stress, which can be 
explained by fracture mechanics [2]. Fracture mechanics consider the stress to be 
intensified by flaws in the glass. This effect causes the local stress to exceed the theoretical 
strength at the tip of a flaw at a relatively low average stress, and is known as crack 
propagation. The ease of crack propagation in glass is the cause of catastrophic brittle 
fracture occurring on sharp impact. Many commercial glasses suppress the tendency for 
brittle fracture by undergoing treatment such as thermal strengthening of windshields, 
chemical strengthening for display glasses, and cladding of optical fibers that prevent crack 
formation or propagation. The advent of touchscreen devices has also caused hardness to be 
an important mechanical property of glass. Hardness is a measure of the ability of a 
material to resistant to surface damage, such as scratching. Scratches compromise the 
transparency of touchscreens and also lower the strength of the device by promoting brittle 
fracture.  
All the commercial glass products listed above are oxide glasses, meaning that they are 
made from metal oxides. Traditionally three metal oxides are renowned for glass formation 
in their native state, namely silica (SiO2), boron oxide (B2O3) and to a lesser extent 
phosphorous pentoxide (P2O5). These three metal oxides are referred to as network formers, 
due to their ability to form a glassy network. Silica is commercially the most important 
network former, for example window glass consists of approximately 73 wt% SiO2, 14 wt% 
Na2O (soda) and 9 wt% CaO (lime) and some other minor components [3]. Soda and lime 
are prototypical network modifiers, which disrupt the network created by the network 
formers. In general, network modifiers are added to SiO2 in order to reduce the melting 
temperature to a practical range, and to improve chemical and physical properties. 
Glass is commonly produced by quenching a melt of the raw materials. The melt is 
degassed and homogenized during melting. This homogeneous melt is cooled to the 
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working point and formed into the desired shape, and then cooled further to the annealing 
point where internal stress caused by thermal shrinkage is relieved. The melting, working 
and annealing points all correspond to specific viscosities of the glass melt, and to produce 
a glass the viscosity-temperature relationship must therefore be known. The viscosity-
temperature relationship can in general be modeled by two parameters, the glass transition 
temperature and the liquid fragility [4].    
The glass transition temperature is the temperature which demarcates the glassy solid 
and liquid states of matter. The liquid to glass transition appears to be a second order phase 
transition with discontinuous changes in the second derivatives of the free energy in respect 
to its natural variables. These second order derivatives are for example the coefficient of 
thermal expansion and the constant volume or constant pressure heat capacity. However, 
observing these properties has never revealed a true thermodynamic second order phase 
transition from liquid to glass. Twenty years ago Nobel laureate Philip W. Anderson wrote 
that “the deepest and most interesting unsolved problem in solid state theory is probably 
the theory of the nature of glass and the glass transition.” [5]. The current understanding is 
that the glass is a non-equilibrium solid with broken ergodicity [6], and equilibrium 
thermodynamics cannot be applied [7].  
The glass transition is a kinetic phenomenon. The liquid becomes a glass when the 
average relaxation time of the liquid becomes higher than the time-scale of observation. For 
this reason, glass has almost the same structure as the liquid it is derived from [8]. However, 
the first researchers tried to understand glass structure in the framework of crystal structure 
[3]. Zachariasen began his seminal paper with “It must be frankly admitted that we know 
practically nothing about the atomic arrangement in glasses”, but what followed was a 
brilliantly insightful into the structural and topological rules for glass formation in oxides 
[9]. For example, Zachariasen discounted glass formation in metal oxides where the metal-
oxygen coordination number is higher than four, which explains why B2O3 is a glass former 
par excellence, but Al2O3 is not a native glass former.  
Structural characterization techniques have greatly improved since Zachariasen’s time, 
and today the short-range order and topology of many binary glass forming systems are 
well characterized [10]. The short-range order is the structure of the metal-oxygen 
coordination polyhedra, and topology is how these polyhedra are linked to each other. 
Similar structural information of the network modifiers in the glass can also be obtained, 
which led Greaves to propose that modifiers are not always homogeneously distributed, but 
can cluster in chains or layers as they do in some crystal structures [10]. 
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A theory that accurately links the composition to the properties has long been the “holy 
grail” of the materials science community [11]. An important link between composition and 
properties is the structure and topology, as evidenced by some minerals having very 
different properties from glasses of the same composition [12]. However, despite having 
developed an understanding and experimental database of the structure and topology of 
many glass-forming systems [10], there is no consensus on how the structure is 
quantitatively related to the properties of the glass. 
1.1 Background and challenges 
A promising general theory of providing a structural basis for glass formation and 
certain glass properties is the topological constraint theory. Topological constraint theory is 
derived from Maxwell’s considerations on the rigidity of mechanical trusses [13]. 
Topological constraint theory was originally applied to chalcogenide glasses by Phillips, 
who considered glasses as an atomic-scale mechanical trusses [14]. Phillips argued that the 
glass forming ability should be maximized for compositions that are isostatic, meaning that 
the number of constraints on the movement of the atoms is equal to the available degrees of 
freedom per atom (equal to 3 in three dimensions): 
3c fN N= =  (1.1) 
The constraints are the chemical bonds and bond angles around the atoms in the glassy 
network. These are denoted as linear bond stretching constraints and angular bond bending 
constraints, and their number for a given atom i depend on the coordination number (CN) 
as:  
, ,
CN 2
1 CN
2
i
c i linear in
≥
=
 (1.2) 
( )
, , CN 2
2CN 3
i
c i angular in ≥
= −  (1.3) 
For a system with N types of atoms, the total number of constraints per atom (Nc) can be 
calculated as: 
( )
, , , ,
1
atomsN
c c i linear c i angular atoms
i
N n n N
=
= +∑  (1.4) 
By combining Eq. (1.4) with Eq. (1.1) then the isostatic condition is found to occur at 
an average coordination number CN = 2.4. This condition describes the exceptional glass 
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formation of GeSe4 and As2Se3 compositions [14]. The applicability of Eq. (1.2) and (1.3) 
to chalcogenide glasses has recently been confirmed by molecular dynamics simulation 
[15]. 
Boolchand and co-workers have argued that a range of compositions should be isostatic, 
because the glass will self-organize to a degree in order to prevent the percolation of stress 
[16]–[19]. This compositional range is known as the intermediate phase. The primary 
experimental evidence for the intermediate phase is a minimum in non-reversing heat flow 
by temperature modulated differential scanning calorimetry (TM-DSC). The intermediate 
phase is also found to have very low fragility in chalcogenide glasses [20]–[22]. However 
the existence of the intermediate phase is still under debate [23]–[25]. 
An intermediate phase has also been observed for modified silicate glasses [26], [27], 
but describing the intermediate phase in silicate using topological constraint theory is not so 
straightforward. For example, the prototypical glass-former SiO2 has Nc = 3.67 by Eq. (1.2) 
and (1.3), and should be stressed rigid, but a good glass-former is expected to have Nc ≈ 3. 
The reason for the discrepancy between model and experiment is that bond bending 
constraints around oxygen are ineffective at the glass transition temperature [15]. When a 
modifying oxide is added to SiO2 the glass transition temperature decreases, and the bond 
bending constraints around oxygen become intact again [28]. The intermediate phase is 
generally accounted for by assuming that oxygen bond bending constraints are intact for 
modified silicates, and considering modifying cations to have CN equal to their valence. 
These assumptions have also been used to predict the composition of window glass in the 
soda lime silica ternary system [29]. Despite that, a recent molecular dynamics simulation 
study for this system shows that the constraints on the modifying cations cannot be 
accounted for just by their valence, instead the number of constraints per modifying cation 
is somewhere between the valence and the actual coordination number [30].   
Temperature dependent constraint theory is a theoretical framework that considers the 
effect of temperature on the intactness of the constraints [31], [32]. Each constraint is 
associated with an activation energy for breaking it, which corresponds to a particular onset 
temperature where a significant fraction of the constraints are broken. This is a measure of 
the strength of the chemical bonds and bond angles in the glass. By accounting for the 
chemistry in this manner, it has been possible to describe glass properties such as the glass 
transition temperature, fragility and hardness in the framework of topological constraint 
theory [31]–[34]. 
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1.2 Objectives 
The overall objective of this Ph.D. thesis is to study the universality of topological 
constraint theory and its ability to predict important glass properties such as glass transition 
temperature, fragility and hardness. 
The major issue with applying constraint theory to oxide glasses is how to account for 
the topological role of modifying oxides, which cannot be described by Eq. (1.2) and (1.3) 
because of the ionic nature of their bonding. This problem is dealt with by studying binary 
phosphate glasses. Glasses easily form from binary phosphates with high modifier contents 
and their properties are strongly affected by the concentration and species of modifying 
oxide. 
The universality of the results is tested by introducing other kinds of network forming 
oxides (B2O3 and SiO2) into the phosphate glasses. The structures of these mixed-network 
former glasses are characterized and modeled, and their structure-property relations 
explained by topological constraint theory.  
The complicated features of indentation hardness in silicate glasses are studied in order 
to clarify the factors that determine these features and the cause of a relation to the network 
constraints. The crack formation is studied for similar reasons.  
The specific objectives of the Ph.D. thesis are summarized as follows: 
1. Account for the effect of the concentration of network modifiers on the properties 
of oxide glasses. 
2. Account for how properties of oxide glasses depend on the species of network 
modifier, such as alkali and alkaline earth oxides. 
3. Model the structure and topology of mixed network former glasses and describe 
the structure-property relations in such glasses. 
4. Clarify what determines the hardness of a glass, and relate this property to glass 
composition. 
5. Characterize the degree ease of crack formation in silicate glasses, and relate this 
to other glass properties. 
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1.3 Thesis content 
This thesis is presented as an introduction to glass structure, properties, and their 
relation in oxide glasses, followed by an overview of the journal papers (in which I act as 
the first author). These papers constitute the main body of the thesis, and are appended after 
the bibliography. The papers will be referred to by their roman numerals: 
I. C. Hermansen, J. Matsuoka, S. Yoshida, H. Yamazaki, Y. Kato and Y.-Z. Yue, 
“Densification and plastic deformation under microindentation in silicate glasses and 
the relation to hardness and crack resistance,” Journal of Non-Crystalline Solids 364, 
40-43 (2013). DOI: 10.1016/j.jnoncrysol.2012.12.047 
II. C. Hermansen, J.C. Mauro and Y.-Z. Yue, “A model for phosphate glass topology 
considering the modifying ion sub-network,” Journal of Chemical Physics 140, 
154501 (2014). DOI: 10.1063/1.4870764 
III. C. Hermansen, J.C. Mauro and Y.-Z. Yue, “Response to comment on “A model for 
phosphate glass topology considering the modifying ion sub-network” [J. Chem. 
Phys. 140, 154501 (2014)],” Journal of Chemical Physics (2014) (under review) 
IV. C. Hermansen, B.P. Rodrigues, L. Wondraczek and Y.-Z. Yue, “An extended 
topological model for binary phosphate glasses,” Journal of Chemical Physics (2014) 
(in press). 
V. C. Hermansen, R.E. Youngman, J. Wang and Y.-Z. Yue, “Structural and topological 
aspects of borophosphate glasses and their relation to physical properties,” Journal 
of Chemical Physics (2014) (under review) 
VI. C. Hermansen, X. Guo, R.E. Youngman, J.C. Mauro, M.M. Smedskjaer and Y.-Z. 
Yue, “Structure-Topology-Property correlations of phosphosilicate glasses,” Journal 
of Chemical Physics (2015) (under review) 
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2 Glass structure: Theory and models 
There are many structural characterization methods available for studying glass 
structure at varying length scales. The short-range order (SRO) of network formers can be 
probed by nuclear magnetic resonance (NMR), infrared and Raman spectroscopy [10], [35], 
[36]. These methods can in some cases also give information about the next-nearest 
neighbors or topology of the glass. Of these methods, magic angle spinning MAS-NMR 
stands out as the preeminent method for characterizing SRO of network formers because of 
its resolution and easily interpreted spectra. 
The SRO of network formers is characterized by the network forming cation in well-
defined coordination polyhedra with its anions, usually with a coordination number (CN) 
equal to 3 or 4, or in special cases up to 5 and 6 [37], [38]. The coordination polyhedron is 
denoted as a network forming unit (NFU), and is considered the rigid backbone of a glass 
[14], [39].  
In oxide glasses, the oxygen in the NFU may bridge to another NFU, or be terminated 
by a network modifier. The first case is denoted as bridging oxygen (BO), and the second 
case as non-bridging oxygen (NBO). Traditionally, NFU species are denoted as Qn species, 
where superscript n denotes the number of BO in the NFU. In this thesis NFUs will be 
denoted by the network forming cation and the number of BO. For example, the four-
coordinated silicon with four BO in SiO2 is denoted as a Si4 NFU, not to be confused with 
the Si4+ cation. 
The topology (i.e. NFU bonding) in oxide glasses can be probed by two-dimensional 
NMR techniques such as double-quantum (DQ), radio frequency dipolar recoupling (RFDR) 
and rotational echo double resonance (REDOR) [35], [40]. Another method is to measure O 
1s electron binding energy by using X-ray photoelectron spectroscopy (XPS), as the 
binding energy is sensitive to the electronegativity of the nearest neighbors. This implies 
that XPS cannot distinguish the n of the neighboring Qn NFUs, only the network former 
element [40]. 
The intermediate range order (IRO) is on a length-scale starting from the third 
coordination shell up to roughly 10 Å. The characterization of the IRO is in general more 
difficult than SRO, and is often accomplished by simulating X-ray and neutron diffraction 
data by Monte Carlo or molecular dynamics and analyzing the computed structure [41]. 
The IRO is often quantified by ring statistics [41]. Rings of NFU units occur in crystals and 
glasses. There is often a single ring size in crystals, such as 6 for ambient pressure forms of 
SiO2, but a distribution for glasses [41], [42]. Borate crystals and glasses have very well-
defined IRO based on three NFU membered rings [43]. For example glassy B2O3 has 
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approximately 75% of the boron atoms occurring in boroxol rings, which is a planar ring 
consisting of three B3 NFUs [43]. 
The SRO and IRO of the network modifiers in oxide glasses are very difficult to 
determine. The primary methods are X-ray absorption spectroscopy and X-ray and neutron 
diffraction, but some information can also be gained from NMR [44], [45]. The SRO of the 
network modifiers are primarily characterized by an average coordination number, though 
the coordination environment is not as well-defined as for the network formers. The IRO is 
often characterized by the modifier-modifier pair distribution function derived from 
diffraction data [10]. According to the modified random network theory proposed by 
Greaves the IRO of the modifiers is characterized by the formation of modifier-rich 
channels or sheets in the glass [46].  
In the following subsections the SRO and topology of phosphate-based glasses are 
characterized. Structural models that can account for the experimentally determined 
structure and topology are developed. The structural models are topological models, 
meaning that they are based on topological rules for which NFUs can bond together, and 
which cannot. They are idealized models that do not directly take into account physical and 
chemical properties.  
2.1 Modified phosphate glasses 
The SRO in P2O5 glass consists of P tetrahedra with three BO and one double-bonded 
terminal oxygen (TO). The neutron scattering factor shows IRO at length scales of 3.0Å 
and 4.8Å [35]. This IRO is similar to the intermolecular distance in the H-P2O5 crystal form, 
consisting of discrete P4O10 molecules [47]. On the other hand, the IRO in P2O5 glass has 
also been argued to be due to voids and sheets lined with TO, similar to the polymeric O’-
P2O5 crystal form [35].  
When P2O5 is alloyed with a modifying oxide the P3 NFUs are progressively 
depolymerized to P2, P1 and finally P0 NFUs [35]. This occurs because the modifying 
cation requires charge-balancing by anions, and therefore forces the BO to convert to 
negatively charged NBO. When a P3 NFU is converted to P2, the TO shares the negative 
charge on the NBO due to π-bonding resonance [48]. This means that the TO and NBO are 
equivalent in the P2, P1 and P0 NFUs. The SRO of each NFU in phosphate glasses is shown 
in Figure 2.1. 
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Figure 2.1: The possible structural units in modified phosphate glasses. 
The concentration of NFUs in modified phosphate glasses are reasonably accounted for 
by the chemical depolymerization model suggested by Van Wazer [35], [49]. The model 
assumes that the phosphate network is sequentially depolymerized in order to charge-
balance the modifying oxide, and that a maximum two NFU species can exist at any given 
composition. 
The composition of a modified phosphate glass can be generally given as xR2/vO (1-
x)P2O5, where R2/vO is a generic network modifying oxide with a cation of valence v. The 
mathematical expression for the concentration of each NFU of modified phosphate glasses 
are given in Eqs. (2.1)-(2.4). The square brackets indicate that the concentration of each 
NFU is given by a per total NFU basis (i.e. per mole of P2O5).  
3
11 ,0
1 2P
1 30,
2 4
x
x
x
x

− ≤ <
−  =  
 ≤ <

 (2.1) 
2
1
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1 2 3
2 30,
3 4
x
x
x
x
x
x
x
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−

−
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−
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
 (2.2) 
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 (2.4) 
The model by Van Wazer in Eq. (2.1) to (2.4) is compared to NFU fractions in 
anhydrous sodium ultraphosphate (x ≤ 0.5) glasses determined by 31P MAS-NMR 
spectroscopy in Figure 2.2. 
 
Figure 2.2: The concentration of P3 and P2 in anhydrous xNa2O (1-x)P2O5 glasses as determined by 
31P NMR-MAS spectroscopy (points) and Van Wazer’s model (lines) from Eq. (2.1) and (2.2). Figure 
from [50]. 
2  Glass structure: Theory and models   
 
11 
 
The topology of alkali phosphate glasses is best described by a random distribution of 
linkages between the different NFUs, and there is no preference for bonding together of 
either similar or dissimilar NFUs [35].  
The bonding character of modified phosphate glasses can be investigated by Raman 
spectroscopy. Raman spectra of anhydrous xNa2O (1-x)P2O5 glasses are shown in Figure 
2.3. 
 
Figure 2.3: Raman spectra of anhydrous xNa2O (1-x)P2O5 glasses. Figure adopted from [48]. 
The major peaks for the pure network former P2O5 glass are located at approximately 
640 cm-1 and 1390 cm-1. The 640cm-1 peak is assigned to the symmetrical stretching of P-
O-P, that is a BO with two P NFU nearest neighbors [48]. The frequency of this vibration 
increases to about 690cm-1 in the metaphosphate (x = 0.5) composition. 
The 1390 cm-1 peak is assigned to the symmetrical stretching of PO2 in a P3 NFU, and 
near the metaphosphate composition shifts to 1280 cm-1, and is indistinguishable from the 
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asymmetric stretching vibration of PO2− in a P2 NFU. This indicates a lengthening of the 
TO bond length with network modifier concentration [48]. The change in Raman shift with 
composition is larger for compositions with x > 0.2, and is thought to be caused by changes 
in the location of the network modifiers in the network [35]. 
Hoppe has developed a structural model of the SRO and IRO of network modifiers in 
modified phosphate glasses [51]. The model is based on the coordination number (CN) of 
alkaline earth cations in phosphate glasses decreasing with the content of network modifier. 
The CN decreases until a critical concentration and then becomes constant. This critical 
concentration occurs at the composition where the number of TO and NBO per modifying 
cation equals the lowest CN. For a generic network modifier with valence v in a modified 
phosphate glass of composition xR2/vO (1-x)P2O5 the critical concentration xcrit can be 
determined as: 
CNcrit
v
x =
 (2.5) 
For sodium phosphates, v is 1 and CN is approximately 5, and xcrit = 0.2 as seen in Paper 
I. This composition corresponds to the onset of more rapid change in the Raman shift of the 
asymmetric stretching vibration of PO2− in a P2 NFU as discussed previously. When x < xcrit, 
the TO and NBO available for coordination is high and the network modifiers are expected 
to occur in isolated coordination environments with a significant number of TO in their 
coordination shell. But for compositions where x > xcrit, there are not enough NBO and TO 
available to coordinate each Rv+, and the modifier coordination polyhedra must share 
corners, edges or faces in order to satisfy their individual coordination requirements. 
In Paper I, a specific SRO and topology of the alkali coordination polyhedra is 
suggested, where the modifiers occur in isolated sites below xcrit, and cross-linking sites 
above xcrit. This structural motif is denoted the ‘modifying ion sub-network’, and is 
illustrated in Figure 2.4. The modifying ion sub-network is useful for describing the glass 
formation and properties of modified phosphate glasses.  
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Figure 2.4: The SRO of a) the isolated modifier polyhedra occurring at x < xcrit and b) cross-linking 
modifier polyhedra occurring for x > xcrit.  
2.2 Borophosphate glasses 
2.2.1 Network forming units 
The composition of borophosphate glasses can be written in a generalized manner as 
xR2/vO (1-x)[yB2O3 (1-y)P2O5], where R2/vO is a network modifying oxide with cation 
valence v, x is the molar fractional content of network modifying oxide, and y is the 
network former concentration of boron oxide. The SRO of borophosphate glasses can be 
seen as connections of the borate and phosphate NFUs shown in Figure 2.5.  
 
Figure 2.5: The network forming units (NFUs) that can occur in borophosphate glasses. B4 and all the 
P NFUs are tetrahedra, while B3, B2, B1 and B0 are all planar triangles.  
2.2.2 The maximum fraction of [B4] = y*  
In borophosphate glasses, boron generally prefers to assume four-fold tetrahedral 
coordination (B4). The usual scenario is that for a given x, B2O3 will initially occur fully as 
B4, while above some critical value of y = y*, the fraction of B4 per network former remains 
approximately constant and equal to y*, as seen in Figure 2.6. The critical value y* and its 
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dependence on x will be derived based on a structural understanding of borophosphate glass 
compositions.  
 
Figure 2.6: The fraction of the different network-forming units (NFU) as determined by 11B and 31P 
MAS-NMR of 1/3K2O 2/3[yB2O3 (1-y)P2O5] glass compositions [52]. The solid lines indicate the 
structural model derived in this section with f = 0. 
The limiting behavior of the B4 incorporation in borophosphate glasses is analogous to 
the B4–O–B4 avoidance principle present in structural models of alkali and alkaline earth 
borate glasses [43]. In these binary borate glasses, modifying cations are preferentially 
charge stabilized by B4, but only up to a maximum fraction of B4 units of approximately 
45 %. Further addition of modifying oxide will cause the formation of trigonal B2 NFUs 
and a concurrent decrease of B4 units. This occurs because negatively charged B4 tetrahedra 
as direct neighbors are energetically unfavorable. When the B4 fraction is so high that 
neighboring B4 units become unavoidable, then the formation of B4 units becomes 
unfavorable, and B2 units are formed instead to balance the charge of the modifier. The B2 
units decrease the network connectivity, exacerbating the problem of B4–O–B4 avoidance, 
and so the B4 concentration will decrease further. 
In borophosphate glasses, the maximum fraction of B2O3 that can be incorporated as B4 
is denoted as y* and depends on the modifying oxide content x. Schuch et al. derived an 
expression for y* by considering how many B4 can be incorporated into the borophosphate 
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network while avoiding unfavorable B4–O–B4 bonds [53]. The necessary condition for 
avoiding B4–O–B4 bond formation is that the number of bridging oxygen per B4 tetrahedra 
must always be less than or equal to the number of bridging oxygen on the other structural 
groups in the network, denoted as DP: 
( ) ( )44 B DP ,f x y − × ≤ 
, (2.6) 
( ) ( ) ( ) ( )4 3 3 2 2 1 1DP , 4 P 3 B P 2 B P 1 B Px y              = × + × + + × + + × +              . (2.7) 
f is the allowed number of B4–O–B4 bonds per B4 unit. If f = 0, Eq. (2.6) is equivalent to 
the Beekenkamp model [54] or if f = 1, then pairs of B4 tetrahedra are allowed as in the 
Gupta model [55] for alkali borate glasses.  
An expression for y* in xR2/vO (1-x)[yB2O3 (1-y)P2O5] borophosphate glasses can be 
derived from a simple example. Glass compositions with a constant x ≤ 0.5 are considered, 
which contain only P3, P2 and B4 for y ≤ y*, like the compositions in Figure 2.6b. The 
fraction of P3 and P2 at y = 0 are given by Eq. (2.1) and (2.2). By inspecting Figure 2.6b, it 
is observed that for y ≤ y* the fraction of P3 remains constant, and B4 replaces P2 in the 
network on a one-to-one basis. The fraction of B4 must be equal to y, which is the total 
B2O3 content, and we can write: 
4B y  =   (2.8) 
3 1 2P
1
x
x
−
  = 
−
 (2.9) 
2P
1
x y
x
  = − 
−
 (2.10) 
Here [P2] is calculated by subtracting [B4] from Eq. (2.2). By setting y = y* and inserting 
Eqs. (2.8)-(2.10) into Eq. (2.6) and expression for y* is obtained: 
( ) ( )
*
33 4 1
1 6 6
x
x xy
x f f
−
−
−
= =
− × − −
 (2.11) 
Eq. 2.11 relates y* to the modifier content, x, and fraction of B4–O–B4 bonds per B4 unit, 
f. Eq. (2.11) was derived in a simple example, yet the result is analytically correct for all 
2  Glass structure: Theory and models   
 
16 
 
values of x. For y > y* then [B4] = y* and excess B2O3 will be incorporated as neutral B3 
units, as seen in Figure 2.6. The validity of Eq. (2.11) for predicting y* and [B4] as a 
function of x is tested for a series of xNa2O (1-x)[1/2B2O3 1/2P2O5] glasses [40] in Figure 
2.7. 
 
Figure 2.7: The fraction of the different network-forming units (NFU) as determined by 11B and 31P 
MAS-NMR of xNa2O (1-x)[1/2B2O3 1/2P2O5] glasses [40]. The solid lines indicate the structural 
model derived later in this section with f = 0. 
The solid black line in Figure 2.7 represents the predicted [B4] = y* by Eq. (2.11) with f 
= 0, and fits the experimental data well for to x < 0.5. The slight underestimation of [B4] for 
higher x > 0.5 could be caused by f increasing above 0. 
The sequence in which the different negatively charged NFU occur with increasing x 
can be explained by the degree of charge delocalization in their NFUs. The degree of 
charge delocalization is the negative charge on the NFU divided by the number of oxygen 
bearing the charge [53]. By inspecting the structures and charges of the NFUs in Figure 2.5, 
the degree of charge delocalization decreases in the order B4 > P2 > P1 > P0 > B2 > B1 > B0. 
This order is the same as the NFUs appearance with increasing x in Figure 2.6 and Figure 
2.7. 
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The compositional dependence of fractions of the other NFUs in borophosphate glasses 
is derived by using the order of preferred charge compensation and the expression for y* in 
Eq. (2.11) in conjunction with a chemically simple depolymerization model like that of Van 
Wazer [35], [49]. In order to simplify the mathematical expressions, the compositional 
space of xR2/vO (1-x)[yB2O3 (1-y)P2O5] is divided into three different glass-forming  regions, 
depending on which NFUs can occur in those regions. 
2.2.3 Structural model for Region I: x ≤ 0.3 
Region I is characterized by B4 being able to fully charge compensate the modifying 
oxide when y ≥ y*, where y* was defined in Eq. (2.11). For f > 0, the region will extend to 
larger values of x. For example, if f = 1 as in the Gupta model [55], the limit of x will 
increase to 33%. In region I, the possible structural groups are B4, P4, B3, P3 and P2. The P4 
unit is unique to the BPO4 crystal structure [56] and borophosphate glasses in region I. P4 is 
a tetrahedral phosphorous species with four bridging oxygen and can be thought of as the 
product of a reaction between the Lewis base double bonded oxygen (DBO) on a P3 unit 
and a Lewis acid B3. In our model P4 is formed to charge stabilize B4 when there is not 
enough modifying oxide to do so. 
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For y ≤ y*, B2O3 is fully incorporated into the network as B4, and for y* < y, the fraction 
will plateau (equal to y*) until there is not enough modifying oxide and P2O5 to balance the 
negative charge on B4. Since B4 is the preferentially formed negatively charged NFU its 
concentration prominently influences the behavior of the other network forming units, and 
[B4] is used as a variable in the equations. The fraction of P4 is what is needed to balance 
the charge on B4 when there is not enough modifier available. [B3] is determined by 
balancing the B2O3 content against [B4], and [P3] by balancing the P2O5 content against [P4] 
and [P2]. [P2] is determined by charge-balancing the modifying oxide against [B4]. 
2.2.4 Structural model for Region II: 0.3 < x ≤ 0.5 
In region II, B4 and B2 alone are capable of charge compensating the modifying oxide 
when y = 1, but P2, P1 and P0 will progressively form when y* < y ≤ 1 as they are more 
stable than B2 units. The value of f will not change the end-point of region II at x = 0.5. The 
possible structural groups in region II are B4, B3, P3, B2, P2, P1 and P0. 
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As in region I, for y ≤ y*, B2O3 is fully incorporated into the network as B4, and for y* < 
y, the B4 fraction reaches a plateau with [B4] equal to y*. [B3] is determined by balancing 
the B2O3 content against [B4] and [B2] which is formed only when B4 and P2O5 can no 
longer charge compensate the modifying oxide. A modified version of Van Wazer’s model 
is used for the phosphate network, which assumes that only two P species can occur at any 
given composition, and [P3] will go to zero before P1 groups are formed. P2. P1 and P0 are 
better charge compensators than B2, and they progressively form as the P2O5 content 
decreases and their concentrations are determined by a charge balance.   
2.2.5 Structural model for Region III: 0.5 < x ≤ 0.67 
Region III is very similar to Region II, the main difference being that B1 units will occur. 
B1 units will replace B4 units initially, and then B2 units when B4 units are exhausted. There 
are some glass-forming compositions in Region III, but glass formation is not expected at 
higher x-values, and the structural model is not extended beyond Region III.  
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For y ≤ y*, B2O3 is still fully incorporated into the network as B4; and for y* < y the B4 
fraction reaches a plateau with [B4] equal to y*. However, when B1 starts to form, then B4 
units are converted to B1. [B3] is determined by balancing the B2O3 content against [B4] and 
[B2] which is formed only when B4 and P2O5 can no longer charge compensate the 
modifying oxide.  The fractions of P3, P2, P1 and P0 are calculated as for region II. 
2.2.6 Structure and topology of calcium borophosphate glasses 
Changing the species of alkali oxide in alkali borophosphate glasses does not affect the 
NFU fractions much. For example in 1/3R2O 2/3[yB2O3 (1-y)P2O5] glasses the largest 
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difference in [B4] occurs at y = 0.5 where R = K gives [B4] = 43% and R = Li has [B4] = 39% 
[52]. Generally [B4] decreases in the order K > Cs > Li, but the differences are slight [52].  
In Paper V, a series of calcium borophosphates glasses were prepared and investigated 
in order to elucidate the effect of a typical alkaline earth modifier on the structure and 
properties of borophosphate glasses. The compositional join zCa(B4O7) (1-z)Ca(PO3)2 was 
chosen because both end-members are good glass-formers. Homogeneous and transparent 
glasses were prepared by the melt-quench technique in the compositional range 0 ≤ z ≤ 0.3 
and z = 1, but liquid-liquid phase separation prevented homogenous glass formation in the 
range 0.3 < z < 1. The amorphous nature of these samples was confirmed by powder X-ray 
diffraction (XRD), and the glass compositions measured by induction coupled plasma 
atomic emission spectroscopy (ICP-AES). The measured compositions were within a 
maximum error of 2 % by mole of the constituent oxides. The NFU fractions were 
determined by 11B and 31P MAS-NMR and are shown in Figure 2.8. 
 
Figure 2.8: The fraction of the different network-forming units (NFU) as determined by 11B and 31P 
MAS-NMR of zCa(B4O7) (1-z)Ca(PO3)2  glasses (Paper V). The solid lines indicate the structural 
model derived in this section with f = 0. 
Overall the structural model fits the measured NFU fractions reasonably well with some 
significant discrepancies noted. About 6 % of the P2O5 content exists as P1 units, which is 
not reflected in the structural model. Disproportionation of P2 units to P3 and P1 is known to 
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occur in calcium phosphates [57], but this cannot fully explain the high [P1] content as the 
[P3] is generally lower than expected. The [B4] from z = 0.2 to z = 0.3 is lower than 
predicted with f = 0. This may be due to B4−O−P1 bridges not forming because of 
electrostatic repulsion [52]. The [B4] at z = 1 is 5 % higher than the prediction by Eq. (2.17) 
with f = 0, and B2 is not detected. This indicates that some B4-O-B4 bridges do occur in 
borate-rich compositions, and is backed up by the Raman spectrum in Figure 2.9. 
 
Figure 2.9: The Raman spectra of zCa(PO3)2 (1-z)CaB4O7 glasses are normalized by total scattering 
intensity. The arrows indicate the structural groups that are assigned to the major peaks in the end-
member compositions. Peaks shift and broaden for 0 < z < 1 due to B-O-P bond formation. See text 
for details about the peak assignments and compositional trend. 
The Raman spectrum for z = 1 contains five main features, and three of these can be 
assigned to the breathing motion of the pentaborate superstructural unit [43] at 521 cm-1, 
664 cm-1, 773 cm-1 and some scattering expected at 890 cm-1 [58]. A signature of B2 is 
found in the broad peak at approximately 1300 cm-1 to 1550 cm-1 assigned to symmetric 
stretching of BO2- [58]. The last low intensity feature at about 960 cm-1 is assigned to the 
breathing mode of the diborate superstructural unit, which also occurs in the crystalline 
form of CaO•2B2O3 [43], [58]. The diborate superstructural unit contains a B4-O-B4 bridge, 
and its presence explains why the z = 1 composition has f > 0. 
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The Raman scattering cross-section of the phosphate groups is much larger than that of 
the borate groups, and it is impossible to directly observe the borate bands in low-z glasses. 
However, the shifts of the peaks from the z = 0 compositions with increasing z are telling of 
the role of borate in the glassy network. The z = 0 composition has three major peaks, and 
similar to the sodium phosphates, these are assigned to the symmetrical stretching of P-O-P 
at 694 cm-1, asymmetrical stretching of PO2- (P2) at 1176 cm-1, and symmetrical stretching 
also of PO2- at 1270 cm-1 [59]. Signatures of P3 and P1 are expected as a symmetrical 
stretching of PO2 (P3) at 1317cm-1 and symmetrical stretching of PO22- (P1) at 1022 cm-1 
[59]. These features are not resolved, but are likely present in low concentration as found 
by 31P MAS-NMR. With increasing z, an apparent shift of the three major peaks occurs. 
The most intense P2 peak at 1176 cm-1 decreases in wavenumber and broadens greatly. This 
is interpreted as due to a progressive change in the next nearest neighbors of P2 from P to B 
based NFUs [52]. There are also large changes in the P-O-P at 694 cm-1 with increasing z, 
which seems to split into a lower and a higher frequency peak. The symmetrical stretching 
of B-O-P is assigned to the peak centered at 653 cm-1 as this is an entirely new feature 
which grows with z. The peak at around 743 cm-1 is reminiscent of the shoulder of the P-O-
P vibration for z = 0, which has previously been speculated to be caused by short phosphate 
units or ring structures [59]. The third peak at 1270 cm-1 was assigned to the symmetrical 
stretching of P2 and P3, and does not change significantly with z. This is in agreement with 
31P MAS-NMR showing the presence of P2 and P3 in roughly the same ratio for 0 ≤ z ≤ 0.3. 
The topology of the calcium borophosphate glasses is studied by O 1s X-ray 
photoelectron spectroscopy (XPS). The objective of this study is to verify the topological 
basis of the structural model, namely that the value of f fitted to the data is reasonable. For 
example, if B4-O-B4 bridges readily form in the glasses (i.e. f is high), then the observed 
[B4] cannot be explained by Eq. (2.6), and the network topology does not determine [B4]. 
The XPS measurements were performed on glass samples polished to a mirror-surface 
with 2000 grit SiC paper. In order to minimize surface contamination, the samples were 
polished immediately prior to XPS measurement, and stored in a desiccator under vacuum 
during transport. Some contamination by SiC was observed, but the O 1s spectra appeared 
to be unaffected by the preparation procedure. The binding energy (BE) was calibrated by 
the adventitious carbon C 1s peak at 284.8 eV [60]. The oxygen speciation was determined 
by least squares regression of up to four different contributions corresponding to NBO and 
three types of BO. The BE and line-width of each Gaussian peak was constrained in the 
fitting process. The oxygen fractions determined by XPS are given in Table I and shown in 
Figure 2.10. The results are in good agreement with those determined for 1/3K2O 
2/3[yB2O3 (1-y)P2O5] glasses by XPS and NMR [52] 
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Table I: The oxygen fractions of the zCa(B4O7) (1-z)Ca(PO3)2 as determined by the O 1s binding 
energy (BE) by XPS. The peaks were deconvoluted into a maximum of four different contributions 
corresponding to NBO and three types of BO. The fitting was constrained to only allow BE and 
FWHM (Δ) to vary to be 0.1 eV for the same peaks in different samples. The estimated error in the 
area fraction based on repeated measurements is 5 %.   
Composition O-type BE (±0.1)/eV Δ (±0.1)/eV Area (±5)/% 
z = 0.00 NBO 531.2 1.5 62 
P-O-P 532.9 1.7 38 
z = 0.05 NBO 531.0 1.4 58 
P-O-B 532.1 1.8 6 
P-O-P 532.8 1.9 37 
z = 0.10 NBO 531.1 1.5 56 
P-O-B 532.1 1.8 13 
P-O-P 532.7 1.9 31 
z = 0.15 NBO 531.0 1.4 57 
P-O-B 532.1 1.8 16 
P-O-P 532.8 1.8 27 
z = 0.20 NBO 531.1 1.4 51 
P-O-B 532.1 1.8 22 
P-O-P 532.8 1.9 27 
z = 0.25 NBO 531.0 1.4 53 
P-O-B 532.2 1.8 22 
P-O-P 532.8 1.8 25 
z = 0.30 NBO 531.1 1.3 45 
B-O-B 531.7 2.1 8 
P-O-B 532.2 1.8 21 
P-O-P 532.9 1.9 26 
z = 1.00 B-O-B 531.8 2.0 100 
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Figure 2.10: The measured oxygen speciation as determined by XPS. The details of the determination 
are given in the text and Table I. The XPS data agree with the topological model derived in this 
section within the estimated error of 5 %.  
The fraction of BO and NBO can be predicted directly from the SRO measured by 11B 
and 31P MAS-NMR. However, by XPS it is also possible to determine the topology of the 
network by looking at the types and quantities of BO between the NFUs. In Figure 2.10 it is 
seen that B-O-B is not detected until z = 0.3, which has y > y* and contains significant 
amounts of B3. This indicates that B4−O−B4 bridges do not occur below z = 1, and the fitted 
value of f = 0 in the topologically derived structural model is correct. 
The BO speciation can be derived from the SRO by making some topological 
assumptions. If it is assumed that B4−O−P bonds are preferentially formed instead of 
B4−O−B3, and that B3−O−P bonds do not occur, then the modeled BO fraction in Figure 
2.10 are obtained. This model fits the data well within the estimated error of the XPS 
measurements of 5 %.  
2.3 Phosphosilicate glasses 
2.3.1 Network forming units 
The composition of phosphosilicate glasses can be written in a generalized manner as 
xR2/vO (1-x)[ySiO2 (1-y)P2O5], where R2/vO is a network modifying oxide with cation 
2  Glass structure: Theory and models   
 
26 
 
valence v, x is the molar fractional content of network modifying oxide, and y is the 
network former concentration of silicon dioxide. The SRO of phosphosilicate glasses with x 
≤ 0.5 can be seen as connections of the silicate and phosphate NFUs shown in Figure 2.11.  
 
Figure 2.11: The network forming units (NFUs) that can occur in xR2/vO (1-x)[ySiO2 (1-y)P2O5] 
phosphosilicate glasses with x ≤ 0.5. Si6 is an octahedral species, while all other NFUs are tetrahedra. 
The six-fold coordinated Si6 NFU shown in Figure 2.11 occurs in phosphosilicate 
glasses with low values of y. The formation of Si6 in phosphosilicate glasses is an 
interesting phenomenon because this usually occurs only in high-pressure crystals [61], 
[62]. Moreover, the generally accepted random network theory excludes the possibility of  
glass formation from network forming oxides with a coordination number above four [9], 
[63]. 
2.3.2 Structure and topology of sodium phosphosilicate glasses 
In Paper VI, a series of sodium phosphosilicate glasses was prepared and investigated 
by 29Si and 31P MAS-NMR and Raman spectroscopy in order to understand the structure 
and topology of phosphosilicate glasses. The compositions of the phosphosilicate glasses 
were 0.3Na2O 0.7[ySiO2 (1-y)P2O5]. The soda content was fixed and phosphorous 
pentoxide is substituted with silica because the study focused on the effect of the network 
former species on the structure and properties of the glasses. This effect is known as the 
mixed network former effect (MNFE). 
The 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses were prepared by melting high purity 
Na2CO3, SiO2, and P2O5 powders in platinum crucibles. Some of these melts gave opaque 
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glasses when they were poured onto a stainless steel plate in air. However, clear glasses 
could be obtained by roller-quenching the melts for compositions containing up to 30 mole % 
of SiO2 (y = 0.43). Two additional clear glasses were formed by mixing the y = 0.43 and y = 
1 compositions, re-melting and roller-quenching, thereby yielding glasses with y = 0.54 and 
y = 0.89. 
The amorphous nature of the clear samples was confirmed by X-ray diffraction (XRD), 
while the opaque silica-rich compositions were found to contain crystallized Na3PO4. The 
chemical compositions of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses were determined by 
inductively coupled plasma atomic emission spectroscopy (ICP-AES). These analyzed 
compositions were found to be in good agreement with the batched ones. A notable 
exception was the phosphate-rich sample with y = 0, where the analyzed P2O5 content is 
lower than that batched, most likely due to the evaporation of P2O5 during melting. 
The structure of the glasses were investigated by performing 29Si and 31P MAS-NMR 
spectroscopy on the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] compositions with y ≤ 0.43, and the 
spectra are shown in Figure 2.12. 
 
Figure 2.12: 29Si and 31P MAS-NMR spectra of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses with y ≤ 
0.43. The chemical shift ranges belonging to each NFU are highlighted, and the area ratios obtained 
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by deconvoluting the spectra are indicated. The 31P MAS-NMR spectrum of a compositions with y = 
0.57 was also determined, but is not shown here. 
Tetrahedral Si4 is found around −120 ppm in the 29Si MAS-NMR spectra in Figure 2.12. 
In silicate glasses this peak is expected in the range of −70 ppm to −110 ppm [64], but it is 
more shielded in phosphosilicate glasses due to P NFU neighbors [65]. A distinct feature of 
Si6 is found close to −215 ppm, which is very close to the chemical shift of Si6 in crystalline 
SiP2O7 [64], [65]. The 31P MAS-NMR has two-overlapping peaks at approximately −20 
ppm and −40 ppm attributed to P2 and P3 NFUs respectively. These peaks were 
deconvoluted by least-squares regression of two Gaussian distributions. The central 
chemical shift of both the P2 and P3 peaks become more deshielded as y is increased. This 
deshielding can be caused by Si NFU neighbors [65], but also by an increase in the 
effective modifier concentration in the phosphate network [35]. The NFU fractions 
determined by NMR for the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses  are plotted against y in 
Figure 2.13. 
 
Figure 2.13: The network forming unit (NFU) fractions derived from the 29Si and 31P MAS-NMR 
spectra in Figure 2.12 and the compositions of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses. The solid 
lines represent the structural model that is derived in this section.  
In Figure 2.13, a maximum in [P3] and a minimum in [P2] is observed around y = 0.2, 
which clearly shows that the effective modifier concentration in the phosphate network is 
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decreasing. This minimum coincides with a maximum in [Si6], and can be explained by Si6 
having two excess negative charges that are charge-balanced by the modifying cations, 
similar to B4. This means that the formation of Si6 converts P2 to P3 in order to satisfy 
charge- and oxygen-balance. 
The topology of these glasses was investigated in order to understand how Si6 and Si4 
are incorporated into phosphosilicate glasses. An attempt to measure the oxygen speciation 
by O 1s XPS was made, but the mixed network former glasses were too hygroscopic to 
even accurately measure the BO and NBO fractions, and deconvoluting the BO signal was 
thus out of the question. However, indirect evidence of the topology was found in the 
Raman spectra in Figure 2.14. 
 
Figure 2.14: Raman spectra of 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses normalized by total scattering 
intensity. The Raman cross-section of P NFUs is much larger than for Si NFUs, and features of Si 
NFUs cannot be discerned in compositions with 0 ≤ y ≤ 0.54. The band assignment is discussed in the 
text. 
The Raman spectrum of the y = 0 composition contains three main peaks, and these are 
assigned to the symmetrical stretching of PO2 (P3) at 1310 cm-1, symmetrical stretching of 
PO2− (P2) at 1160 cm-1, and symmetrical stretching of P−O−P at 667 cm-1 [48]. With 
increasing silica content, several changes occur in the Raman spectra and most importantly, 
a peak appears at 1200 cm-1, which has previously been observed in Si6-containing 
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phosphosilicate glasses [66]. This peak is assigned to the symmetrical PO2 stretching of a 
P3 NFU with a Si6 NFU neighbor. This assignment is based on the correlation between peak 
intensity and [Si6] and [P3] in Figure 2.13 as determined from 29Si and 31P MAS-NMR 
spectroscopy. 
The band originally centered at 1310 cm-1 is split into two at about 1340 cm-1 and 1290 
cm-1. A similar splitting of this band has been observed for modifier-free phosphosilicate 
glasses, and the splitting was attributed to the PO2 (P3) vibrational frequency changing with 
P3 having an Si4 NFU neighbor [67]. The Raman shift increases with a decreasing electron 
density in the P=O bond [67], and as Si is less electronegative than P, the low frequency 
component is expected to correspond to P3 with Si NFU neighbors. However, the 1290 cm-1 
peak intensity increases with y, while the 1340 cm-1 component decreases in intensity. A 
more thorough investigation is necessary to accurately assign these peaks.  
The P−O−P band at 667 cm-1 found in the y = 0 composition is shifted to about 700 cm-1 
upon silica addition. In sodium phosphate glasses, the frequency of this band increases with 
the Na2O content, and a frequency of 700cm-1 is reached at the metaphosphate (x = 0.5) 
composition [48]. The blue-shift of this peak could be caused by the formation of P3−O−Si 
bonds with low Raman intensity, which increases the P2 contribution in the P−O−P bonding. 
For the y = 0.54 composition, a sharp peak assigned to the symmetrical stretching of 
PO2− (P2) dominates the spectrum, which agrees with the 31P MAS-NMR measurements 
showing that the phosphorous speciation is dominated almost exclusively by P2. The 
sharpness of the PO2− (P2) peak could indicate that this composition is partially crystalline, 
although it is XRD amorphous. The same is the case for the y = 0.89 composition which is 
also XRD amorphous, but it has a dominant sharp peak at 940 cm-1 due to asymmetrical 
stretching of PO23− (P0), and possibly contains Na3PO4 crystals [68]. A small signature of P1 
units is found at 1000 cm-1, which is the frequency of asymmetrical stretching of PO22− (P1) 
[68]. It is also possible to see low intensity features of the silicate network in this 
composition. The peak at 1100 cm-1 is caused by the symmetrical stretching of SiO2− (Si3), 
and the shoulder at about 1150 cm-1 is due to SiO2 (Si4) [36], [68]. The bands in the range 
of 430 to 600 cm-1 are attributed to the symmetrical stretching of Si−O−Si with different 
numbers of bonding oxygen of the Si NFUs [36]. The Raman spectrum of the y = 1 
composition almost exclusively shows Si3 units and Si−O−Si bonding. 
2.3.3 The formation mechanism of Si6 
In general, formation of Si6 in phosphosilicate glasses can be understood by the concept 
of optical basicity [69]. Optical basicity is a measure of the effective negative charge on 
oxygen, and it is determined by the UV absorbance wavelength of probe ions such as Tl+, 
2  Glass structure: Theory and models   
 
31 
 
Pb2+ or Bi3+ [69]. There is a higher effective negative charge on the oxygen in SiO2 than 
P2O5, because the optical basicity of SiO2 is higher than that of P2O5 [66]. When a small 
amount of SiO2 is added to P2O5, the positive charge on Si4+ must be balanced by oxygen 
with relatively low effective negative charge. Because more oxygen ions than the usual four 
are required to balance the positive charge on silicon, then silicon can assume a 
coordination number of six (Si6) instead of the usual four (Si4) in SiO2. It has previously 
been attempted to quantitatively account for the concentration of Si6 ([Si6]) in alkali 
phosphosilicate glasses by optical basicity, but optical basicity alone cannot predict [Si6] 
[66]. 
A quantitative relation between [Si6] and [P3] has been observed for sodium 
phosphosilicate glasses [70]. It was found that [Si6] is approximately equal to one fourth of 
the expected [P3] in a variety of sodium phosphosilicate glasses. The same is the case for 
the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses.  
Miyabe et al. suggested a formation mechanism of Si6 where a Si4 NFU bound to four P 
NFUs can react with two P2 NFUs to create a Si6 with six P NFU neighbors [64]. The two 
P2 NFUs are converted to P3 in this reaction, and the modifying cations that were charge 
balancing P2 will instead charge-balance the Si6 NFU. Thus, Si6 requires charge-balancing 
by the modifying ions much like four-fold coordinated boron (B4) in borate and 
borophosphate glasses. 
This formation mechanism agrees well with the decreasing [P2] and increasing [P3] with 
[Si6] obtained by NMR, and also the finding of a unique P3 vibration by Raman 
spectroscopy in Si6 containing glasses. Here, it is suggested that Si6 is formed by the 
scheme in Figure 2.15.  
  
 
Figure 2.15: The proposed formation mechanism of the Si6 NFU in phosphosilicate glasses: A Si4 
NFU having four P3 NFU neighbors reacts with two P2. The product is a Si6 NFU with six P3 NFU 
neighbors which is charge-balanced by the modifying cations. 
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Figure 2.15 shows a Si4 NFU having four P3 NFU neighbors reacting with two P2. The 
product is a Si6 NFU with six P3 NFU neighbors and charge-balanced by modifying cations. 
The P3 NFUs stabilize the formation of Si6, possibly by charge-delocalization, and can 
therefore only have a single Si6 NFU neighbor. This explains why [Si6] is approximately 
one-sixth of the actual [P3], or one-fourth of the expected [P3] if Si6 was not charge 
compensated by the modifier. 
The formation mechanism in Figure 2.15 inherently assumes that three factors limit the 
formation of Si6: the modifying oxide, silica, and one-fourth [P3] before reaction. The NFU 
concentration of Si6 ([Si6]) in phosphosilicate glasses with the generalized composition 
xR2/vO (1-x)[ySiO2 (1-y)P2O5] can be quantified as: 
( )
( )
6
2 1 2
1Si min , ,
1 2 4 2
xy
x y x
x y y
 
− − 
−  =   
− − − 
 
 (2.28) 
Jiang et al. proposed an equation similar to Eq. (2.28) and showed that it could predict 
experimentally determined [Si6] very well for a range of phosphosilicate compositions [70]. 
However, they did not take into account that Si6 requires charge-stabilization, and therefore 
did not limit [Si6] by the modifier content. Most of the investigated phosphosilicate 
compositions are not expected to have [Si6] limited by the modifier content. However, the 
compositions prepared by Jiang et al. were xNa2O (1-x)[0.2SiO2 0.8P2O5] and [Si6] should 
be limited by the modifier content at low x [70]. In Figure 2.16, their 29Si MAS-NMR 
results are compared to an X-ray absorption fine structure (XAFS) study of xR2O (1-
x)[0.2SiO2 0.8P2O5] glasses with R = Li, Na and K [71]. 
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Figure 2.16: The NFU fraction of Si6 ([Si6]) in xR2O (1-x)[0.2SiO2 0.8P2O5] glasses with R = Li, Na 
and K. The black circles is 29Si MAS-NMR data [70], and the squares, diamonds and triangles are X-
ray absorption fine structure data [71]. The solid line represents Eq. (2.28). 
Eq. (2.28) is also plotted in Figure 2.16, where three different regimes exist regarding 
the modifier content dependence of [Si6]. At low x, [Si6] increases with x because it is 
limited by the modifier content, then it levels off because all Si are Si6, and finally it 
decreases with [P3]/6. Although the error in the XAFS data is considerable, it clearly 
follows a similar trend as Eq. (2.28). However, the 29Si MAS-NMR data [70] for x ≤ 0.3 is 
approximately constant and equal to the Si content. It is most likely that [Si6] of the x = 0.1 
glass, or the glass composition, is incorrect, and the data is best described by Eq. (2.28). 
Nevertheless, the formation mechanism suggested in Figure 2.15 and Eq. (2.28) cannot 
account for the formation of Si6 in modifier-free phosphosilicate glasses [61], [65], [72]. 
The formation of Si6 in these modifier-free glasses has been linked to partial phase-
separation of the two glass formers, and the phase separated regions containing Si6 readily 
crystallize to SiP2O7 [65]. The charge-compensation for Si6 in modifier-free glasses is most 
likely achieved by the formation of P4 units, as was the case for borophosphate glasses with 
low modifier contents. This is the case in crystalline SiP2O7, which is comprised of P2O7 
dimers sharing corners with three octahedral Si6 NFUs [73]. These considerations indicate 
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that the formation of Si6 in modifier-free glasses is related to phase separation or nucleation 
of crystalline SiP2O7, and Si6 will not form to a significant degree in homogeneous glasses.  
2.3.4 Structural model for phosphosilicate glasses with x ≤ 0.5 
The structural model of phosphosilicate glasses is derived in a similar manner as that of 
the borophosphate glasses. The preferred order of charge-compensation for phosphosilicate 
glasses is assumed to be: Si6 > P2 > P1 > P0 > Si3 > Si2. [Si6] is determined by Eq. (2.28), 
and the modifier content per NFU is used in a simple depolymerization model to calculate 
the NFU speciation. Most phosphosilicate glasses have x ≤ 0.5, and for this reason, the 
structural model will only be derived for this subset of compositions. In order to simplify 
the equations three variables are defined. The first is the modifier content per NFU and is 
denoted [R]: 
[ ] ( ) ( )
2R
1 2
x
x y
=
− × −
 (2.29) 
The other two variables are the total fraction of Si NFUs ([Si]) and the total fraction of 
P NFUs ([P]): 
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With these variables defined, the analytical expressions for the NFU fractions can be 
expressed as: 
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The structural model contained in Eqs. (2.28)-(2.38) is plotted together with the 
experimentally determined NFU fractions in Figure 2.13, and describes the data well.  
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3 Compositional dependence of dynamic properties 
3.1 Definition and theories 
3.1.1 Glass transition temperature 
The glass transition temperature (Tg) is defined as a characteristic temperature in the 
glass transition range, over which a liquid transforms into a glassy solid, or vice versa. 
There are several definitions of Tg depending on the measured property. The viscous 
definition [74] is that the glass transition occurs when the average relaxation time of the 
liquid reaches ~100 s, corresponding to a viscosity close to: 
( ) 1210 Pa sgTη ≡  (3.1) 
Most of the glasses discussed in this thesis have had Tg characterized by differential 
scanning calorimetry (DSC) or thermomechanical analysis (TMA). In these dynamic 
measurements, the glass transition is observed through the second-order thermodynamic 
derivative properties: constant pressure heat capacity or coefficient of thermal expansion, 
respectively. These definitions all correspond to the same temperature within the error of 
the measurement if using the appropriate experimental conditions [75]. 
In the framework of temperature dependent constraint theory, Tg is related to the 
average number of constraints per atom. The theoretical basis of this relation starts with the 
Adam-Gibbs theory of viscosity [76], [77]: 
( ) ( )( )10 10log , log ,c
B x
T x
TS T x
η η
∞
= +
 (3.2) 
Here, η(T,x) is the viscosity as a function of temperature (T) and composition (x), η∞ is 
the high temperature limit of viscosity, B(x) is related to the potential energy barrier to 
viscous flow and Sc(T,x) is the configuration entropy of the melt. η∞ is found to be almost 
independent of composition with a value close to 10-3 Pa s [4], [78], and B(x) does not vary 
significantly within a class of materials when the mechanism of viscous flow is similar [79]. 
Both η∞ and B(x) are assumed to be constant. By applying Angell’s definition of Tg by 
viscosity in Eq. (3.1) the following equality is obtained: 
( ) ( ) ( ) ( ), ,g c g g ref c g ref refT x S T x x T x S T x x  × = ×     (3.3) 
3  Compositional dependence of dynamic properties   
 
38 
 
Where x is the compositional variable and xref is a reference composition similar to x so 
that the assumption of constant B(x) is not violated. It is possible to relate Tg(x) to the 
number of constraints by using Naumis’s result [80] of configurational entropy being 
largely due to the number floppy modes:  
( )
( )
( )
( )
( )
( )
, 3 ,
, 3 ,
g ref ref c g ref refg
g ref g c g
f T x x N T x xT x
T x f T x x N T x x
   
−   
= =
   −   
 (3.4) 
Where f represents the number of degrees of freedom (equal to Nf – Nc) and Nc[Tg(x),x]  
is the number of rigid constraints at Tg per network forming atom. 
According to classical constraint theory, Nc[x] is determined by Eq. (1.4) and good glass 
formers have Nc(x) ≈ 3. Stressed rigid compositions with Nc(x) > 3 can still form glasses if 
rapidly cooled. However, Eq. (3.4) strictly requires that Nc[Tg(x),x] < 3, meaning that all 
glasses are assumed to be floppy. The reason for this difference is that classical constraint 
theory does not consider the effect of temperature on the constraints and effectively 
enumerates the constraints existing at absolute zero. In temperature dependent constraint 
theory, each constraint has a type of activation energy and can become broken if the 
available thermal energy is sufficient. 
When evaluating Nc[Tg(x),x] in oxide glasses, NFUs are generally considered rigid, 
meaning that their linear and angular constraints are intact [32]. In contrast, the modifying 
cation polyhedra are considered floppy with their angular constraints broken and few or no 
intact linear constraints [32], [34], [81]. The bond-stretching constraints on oxygen are 
intact, but their bond-bending constraints are usually considered broken at Tg [81]. 
The oxygen angular constraint is considered broken at Tg because otherwise Nc(Tg) ≥ 3 
and Eq. (3.4) is violated for the three primary glass forming oxides: SiO2, B2O3, and P2O5. 
For example, SiO2 has Nc = 3.67 according to classical constraint theory and should be a 
poor glass former. On the other hand, if the BO bond-bending constraints are considered to 
be broken at Tg, then Nc(Tg) = 3, which agrees well with the good glass forming ability. 
This assumption is supported by experimental evidence showing that the oxygen bond 
angle distribution is very wide in SiO2 glass [28], [41]. 
However, an increasing amount of experimental results seem to indicate that modified 
silicates have intact oxygen angular constraints [27], [28]. The broken oxygen angular 
constraints in SiO2 may be a result of the very high Tg ≈ 1600 K [15]. On the other hand, 
high-temperature Raman spectroscopy of B2O3 apparently supports the oxygen angular 
constraints becoming broken at Tg ≈ 533 K [82]. This study finds that the boroxol rings 
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begin to break down above Tg. The breakdown of boroxol rings corresponds to a loss of 
oxygen angular rigidity because the oxygen atoms in the boroxol rings have a well-defined 
bond angle. At present, it is not clear if the oxygen angular constraints are intact, broken, or 
somewhere in between for low Tg glasses such as B2O3. The temperature dependent 
constraint modeling performed in this thesis will follow the approach of Mauro et al., who 
considers the oxygen angular constraint broken [32]. 
3.1.2 Fragility 
Like the glass transition temperature, fragility can also be defined based on viscosity. 
The most common definition [74] is that fragility is the slope at Tg of a plot of the logarithm 
of viscosity plotted against Tg/T: 
( )
10log
g
g T T
m
T T
η
=
∂
≡
∂
 (3.5) 
The m in Eq. (3.5) is defined as the liquid fragility because it is found by measuring the 
temperature dependence of viscosity in a glass forming liquid. The Mauro-Yue-Ellison-
Gupta-Allan (MYEGA) equation [4] can be used to find m from viscosity data: 
( ) ( )10 10 10
10
log log 12 log exp 1 1
12 log
g gT TmT
T T
η η η
η∞ ∞
∞
    
= + − × × − × −    
−    
 (3.6) 
The MYEGA equation is derived by a temperature dependent constraint interpretation 
of the Adam-Gibbs relation in Eq. (3.2), and describes the temperature dependence of 
viscosity through three parameters: the infinite temperature viscosity (log10η∞), the glass 
transition temperature (Tg), and the liquid fragility (m). The 12 in the equation is actually 
log10η(Tg), which is equal to 12 by the definition in Eq. (3.1). This means that the term (12 
− log10η∞) has the physical meaning of the fragility of an ideally strong liquid. log10η∞ is 
found to be almost independent of composition with a value close to −3; therefore an 
ideally strong liquid has m ≈ 15 [4], [78]. 
Fragility can also be thermodynamically defined by the temperature dependence of the 
configurational entropy, Sc, appearing in Eq. (3.2) [83]. However, it is not straight-forward 
to measure Sc of the liquid directly because Sc of the glass is obscured by the loss of 
ergodicity [7]. A quantity that can be reliably measured for real glass forming liquids and is 
related to Sc [84] is the constant pressure heat capacity jump at Tg: 
3  Compositional dependence of dynamic properties   
 
40 
 
p pl pgC C C∆ = −  (3.7) 
Where Cpl is the extrapolated liquid heat capacity at Tg, and Cpg is the extrapolated glass 
heat capacity at Tg. Glasses have primarily vibrational degrees of freedom and therefore 
obey the Dulong-Petit law at Tg, giving Cpg ≈ 3R. In contrast, the liquid state has both 
vibrational and configurational degrees of freedom [85]. It is tempting to take ΔCp as the 
configurational heat capacity, but for the reason given earlier, this is not correct [7]. On the 
other hand, ΔCp has been semi-empirically related to m in several theories [34], [86]. In this 
thesis, ΔCp will be taken as a measure of thermodynamic fragility in order to support the 
liquid fragility measurements.    
Several theories have tried to relate the fragility directly to the rigidity of the network 
and are mainly based on the observation of the intermediate phase in chalcogenide glasses 
having a very low fragility [20], [21]. Micoulaut theoretically derived from a harmonic 
oscillator model that an isostatic glass should have low fragility while floppy and stressed 
rigid glasses have higher fragilities [22]. He notes that the results do not seem to directly 
apply to silicate glasses, most likely because the modifier is weakly bonded in the network. 
Another approach used by Sidebottom is to relate fragility to the number of bridges per 
NFU in oxide glasses [87]–[89]. However, as discussed in Paper III, this approach does not 
give a universal description of fragility in oxide glasses and also cannot be compared to the 
results from chalcogenide glasses.    
In the framework of temperature dependent constraint theory, m is not directly related to 
the number of network constraints, but to how fast their number changes with temperature. 
A simple expression is used to account for this behavior:  
( ) ( )
( )
0
ln ,
1
ln
gT T x
f T x
m x m
T
=
∂ 
= + ∂ 
 (3.8) 
Here, m0 ≈ 15-17 is the liquid fragility of a strong liquid such as SiO2 [31]. A 
continuous function is needed in order to take the temperature derivative of lnf(T,x). The 
fraction of intact constraints at a given temperature is estimated: 
( )
*
1 exp
obsvt
i
i
B
F
q T
k T
  ∆
= − −  
   
 (3.9) 
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Where ∆Fi* is the activation energy for breaking constraint i and vtobs is the product of 
the vibrational attempt frequency and observation time [31]. The activation energy is 
related to a characteristic constraint onset temperature: 
( )1/* ln 1 2 obsvti B iF k T −∆ = − −  (3.10) 
Where Ti is the constraint onset temperature of constraint i, and is the temperature at 
which half the constraints are intact, and therefore marks the crossover from an intact to a 
broken constraint with increasing T [32].  
3.2 Phosphate glasses 
3.2.1 Phosphoric acids 
The composition of phosphoric acids can be written as xH2O (1-x)P2O5. H2O 
depolymerizes the phosphate network like a modifying oxide, and the NFU speciation can 
be predicted by Van Vazer’s model described in Section 2.1. One caveat is that hydrogen is 
covalently bonded to oxygen, and therefore the double-bonded terminal oxygen (TO) on P3 
is not converted to a NBO as the network is depolymerized. The structures of the NFUs in 
phosphoric acids are shown in Figure 3.1.  
 
Figure 3.1: The structure of the NFUs in xH2O (1-x)P2O5 glasses. Compositions with x > 0.75 are  
expected to consist of a mixture P0 and H2O molecules. 
Phosphoric acids should be a simple case for the application of temperature dependent 
constraint theory because hydrogen is covalently bonded.  
The constraints are evaluated by using Eq. (1.2) and (1.3). However, the case of one-
fold coordinated atoms, such as H and TO, is special, and can either be treated by plucking 
these atoms from the network [90], [91], or counting half a linear constraint as by Eq. (1.2) 
[92]. Both options have been attempted, and it is found that plucking the TO from the 
network, and applying Eq. (1.2) to H gives the best description of the data.  
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The linear constraints of the NFUs are all attributed to the oxygen, but the linear 
constraints between NBO and the modifier are all attributed to the modifier. Intact 
constraints at Tg are ranked in order of their strength: 
• α: O−P−O angular constraints: There are three for P3, P2, P1, and P0. These NFUs are 
considered effective three-fold coordinated because the TO is not part of the network. 
• β: P−O linear constraints: There are two at each BO and one at each NBO. None are 
counted at the double bonded terminal oxygen (TO), as it is not considered part of the 
network. 
• γ: H−O linear constraints: There is one for each H. 
• δ: P−O−P and P−O−H angular constraints: There is one for each BO and NBO. 
The α, β, and γ constraints are all assumed intact at Tg. In contrast, the angular δ 
constraints on oxygen are considered broken at Tg, and so are any hydrogen bonds that may 
be intact below Tg [22]. By using the structural model in Section 2.1 and applying Eq. (1.4) 
the number of constraints per atom Nc(x) is found: 
( ) ( ) ( )
[ ] [ ] [ ]
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c atomsN x N x        × = × + + +       
+ × + × + ×
 (3.11) 
Here, Natoms(x) is the number of atoms per NFU and is necessary to convert from the 
‘per NFU’ concentrations in the structural model to ‘per atom’ basis for the number of 
constraints. Natoms(x) is readily determined from the stoichiometry of xH2O (1-x)P2O5, while 
not counting the two TO in P2O5: 
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 (3.12) 
By rearranging Eq. (3.4) and using xref = 0.5 the scaling of Tg with x is obtained: 
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 (3.13) 
Where Tg(0.5) is the Tg of HPO3 taken to be 263 K [93]. The predicted Tg(x) for xH2O 
(1-x)P2O5 by Eq. (3.13) is compared to literature values of Tg(x) in Figure 3.2. 
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Figure 3.2: The Tg(x) of the xH2O (1-x)P2O5 system for x > 0.5 was determined by DSC [94] and for x 
= 0.5 by dilatometer [93]. The solid line is the modeled Tg(x) using Eq. (3.12) and the dotted line is 
the modeled Tg(x) if the TO is taken as a network forming atom with one constraint for the P−TO 
bond and two additional β constraints for each P NFU. The inset shows the agreement between Eq. 
(3.12) and the experimental values in greater detail. 
The agreement between model and experiment is excellent. Unfortunately, no data is 
available for x < 0.5, but Eq. (3.13) extrapolates to 548 K for x = 0. The Tg of P2O5 is 
reported to be between 590 K [95] and 665 K [96] by DSC, and as high as 692 K by photon 
correlation spectroscopy [97]. The difference between the reported Tg’s and our 
extrapolated value could be attributed to a non-negligible difference between B(0) and 
B(0.5) which invalidates Eq. (3.3). 
The dotted line in Figure 3.2 represents the predicted Tg(x) by Eq. (3.4) if the TO are 
taken to be a network forming atom, which causes one α constraint per DBO and two 
additional β constraints per P NFU. This topological model results in a worse description of 
the Tg(x) of polyphosphoric acids. 
3.2.2 Alkali phosphates 
The composition of alkali phosphate glasses can be written as xR2O (1-x)P2O5. The 
alkali oxide R2O depolymerizes the phosphate network, and the NFU speciation can be 
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predicted by Van Vazer’s model described in Section 2.1. The Tg(x) of anhydrous lithium, 
sodium, and cesium phosphate glasses are shown in Figure 3.3. 
 
Figure 3.3: Compositional dependence of the glass transition temperature of (x)R2O (1-x)P2O5 glasses, 
where R2O is an alkali oxide. The solid black curve shows the predicted glass transition temperature 
using the topological model developed in Paper II, with CN = 4 and qγ = 1. The solid colored curves 
are the predicted Tg(x) using the modified model from Eq. (3.16) and Table II. Tg data are literature 
values measured by DSC [98]–[100]. 
Unlike phosphoric acids, alkali phosphates do not exhibit a continuous decrease in Tg(x) 
with increasing x. At low x the behavior is similar, but at x ≈ 0.2, Tg(x) begins to increase, 
peaking at the metaphosphate (x = 0.5) composition. The structure and speciation of the P 
NFU tetrahedra is similar for phosphoric acids and alkali phosphates, therefore the 
difference in magnitude and trend of Tg(x) must be due to the SRO and topology of the 
alkali polyhedra. 
In Paper II, a topological model of the alkali polyhedra in xR2O (1-x)P2O5 was 
developed based on the work of Hoppe [51]. This topological model in combination with 
temperature dependent constraint theory explained the minimum in Tg(x) by xcrit defined in 
Eq. (2.5). However, the magnitude of Tg(x) was only replicated well for lithium phosphates. 
In Paper IV, the concept of ‘constraint strength’ was introduced to explain the differences 
in Tg(x) depending on the alkali species. 
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The topological model of the NFUs is similar to that for phosphoric acids, only that the 
structures of the NFUs are those previously shown in Figure 2.1. Below xcrit, the alkali 
polyhedra contain two NBO and are isolated in the network, but above xcrit a cross-linking 
unit starts to form. This cross-linking unit has a number of NBO equal to the preferred 
coordination number (CN) of the alkali. An example of these two SROs and topologies is 
shown for Li with CN = 4 in Figure 2.4. This cross-linking of the modifier for x > xcrit is 
denoted as the ‘modifying ion sub-network’. 
 The constraints are evaluated by using Eq. (1.2) and (1.3). The TO in the P3 NFU is 
plucked from the network based on the result for phosphoric acids. The linear constraints of 
the NFUs are all attributed to the oxygen, but the linear constraints between NBO and the 
modifier are all attributed to the modifier. The constraints are ranked in order of their 
strength: 
• α: O−P−O angular constraints: There are three for P3, and five for P2, P1, and P0. P3 is 
considered effective three-fold coordinated because the TO is not part of the network. 
• β: P−O linear constraints: There are two at each BO and one at each NBO. None are 
counted at the double bonded terminal oxygen (TO), as it is not considered part of the 
network. 
• γ: R+−NBO linear constraints: There are two for each R+ added for x < xcrit, and CN 
constraints for each R+ added for xcrit < x. 
• δ: P−O−P angular constraints: There is one for each BO. 
The α and β constraints are considered fully intact at Tg, while a fraction, qγ, of the γ 
constraints are intact. The angular δ constraints on BO are considered broken, and so are 
angular constraints on NBO and R+. By using the structural model in Section 2.1 and 
applying Eq. (1.4), the number of constraints per atom Nc(x) is found: 
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Here, Natoms(x) is the number of atoms per NFU and is necessary to convert from the 
‘per NFU’ concentrations in the structural model to ‘per atom’ basis for the number of 
constraints. Natoms(x) is readily determined from the stoichiometry of xR2O (1-x)P2O5, while 
not counting the TO in the P3 NFU
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By rearranging Eq. (3.4) and using xref = 0, then inserting Eqs. (3.14)-(3.15), the scaling 
of Tg with x is obtained:  
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Where xref = 0 is glassy P2O5 with Tg(0) taken to be 590 K [95]. Eq. (3.17) is only 
defined up to x = 0.5 for the sake of simplicity, but can easily be extended beyond this 
region.  
The term qγ × nc,γ(x) in Eq. (3.14) and (3.16) is the ‘constraint strength’ qγ, taken as a 
fitting parameter, multiplied by the ideal the number of γ constraints per NFU: 
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 (3.17) 
Values for CN is taken from literature studies of the coordination number of alkali 
cations in metaphosphate glasses, and used to calculate xcrit by Eq. (2.5). Then, qγ is 
determined by fitting Eq. (3.16) to the Tg of the metaphosphate composition. The obtained 
values of these three parameters are found in Table II. 
Table II. Alkali coordination number (CN), critical R2O concentration for crosslinking of alkali 
coordination polyhedra (xcrit) and the fraction of intact γ constraints qγ for lithium, sodium and cesium 
phosphate glasses. The literature references for CN are given in Paper IV. xcrit is calculated by Eq. 
(2.5) and qγ by Eq. (3.16) from the Tg of the metaphosphate glass. 
R CN xcrit qγ 
Li 4 0.2a 0.97 
Na 5 0.2 0.75 
Cs 6 0.17 0.52 
aThis is calculated using CN = 5. It is assumed that Li+ is 5-coordinated at around xcrit, but 4-
coordinated in bridging sites above xcrit. 
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Using these parameters together with Eq. (3.16) and (3.17), the Tg(x) can be modeled for 
the three types of alkali phosphate glasses, as seen in Figure 3.3. The agreement between 
data and model is quite good. The model proposed in Paper II does not take into account 
the constraint strength, and has qγ = 1 and CN = 4, which is quite close to that observed for 
lithium phosphate glasses.  
The simple model from Paper II has also been used to model the fragility of sodium 
phosphate glasses. The liquid fragilities of anhydrous sodium phosphate glasses were 
obtained from literature data of the heating rate dependence on the fictive temperature in 
DSC [96]. From these measurements, the apparent activation energy of the glass transition 
can be extracted [101]. This activation energy is equal to m if the temperature range is 
sufficiently narrow [102]. The liquid fragility (m) is calculated from the change in Tf as: 
,
,log
f f ref
f ref
ref f T T
Tq
m m
q T
≈
 
= − ⋅  
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 (3.18) 
q is the heating and previous cooling rate through the glass transition region, qref is the 
reference heating and cooling rate taken as 10 K/min and Tf,ref = Tg is the fictive 
temperature corresponding to qref. The data is plotted in Figure 3.4, and has a similar trend 
as Tg(x), initially decreasing to a minimum around x = 0.2 and then increasing. 
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Figure 3.4: Compositional dependence of the liquid fragility of xNa2O (1-x)P2O5 glass. The solid line 
shows the predicted fragility using the topological model developed in this paper. Experimental data 
points and error bars are obtained fitting Eq. (3.18) to the experimental data in [96]. 
The liquid fragility is calculated from a topological basis by Eqs. (3.8)-(3.10), where the 
constraint onset temperature and vtobs are input parameters. The oxygen bond-bending 
constraint onset temperature Tδ is found to be 328 K for borate [32] and borosilicate [34] 
glass compositions, and we also fix it at this temperature. Tα, Tβ, Tγ and vtobs are determined 
by fitting to experimentally determined sodium phosphate liquid fragilities [96], with the 
restriction that Tα > Tβ > Tγ > Tδ = 328 K. The constraint onset temperatures are found to be 
Tα = 1400 K, Tβ = 850 K, Tγ = 590 K and vtobs = 200. Tα and Tδ have relatively little 
influence on the liquid fragility, for example; lowering Tα by 200 K or raising Tδ by 100 K 
changes the liquid fragility of P2O5 by only 3%. vtobs mainly affects the depth of the 
minimum in fragility and is fitted to be 200. In comparison vtobs is 1000 for alkali borate 
compositions [32] and 60 for borosilicate compositions [34]. The modeled liquid fragility is 
plotted alongside experimental data in Figure 3.4 and has a similar trend with a broad 
minimum between x = 0.1 and x = 0.2. Another set of fragility data obtained by dynamic 
light scattering on sodium phosphates is fitted in Paper III. 
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3.2.3 Metaphosphates 
The metaphosphate composition occurs at x = 0.5 in modified phosphate glasses with 
the general composition xR2/vO (1-x)P2O5. The metaphosphate composition can also be 
written as R(PO3)v, which illustrates that the glass consists of Rv+ modifiers charge-
balanced by P2 NFUs. These P2 NFUs occur as primarily as chains, but also in rings [35]. 
The Tg metaphosphate composition was used to determine the constraint strength (qγ) of the 
R+−NBO interaction in alkali phosphates. The metaphosphate is well suited for this purpose 
as the coordination sphere of Rv+ ideally consists solely of NBO on P2 NFUs. Also the 
metaphosphate is the composition with the best glass forming ability and lowest 
hygroscopicity in the xR2/vO (1-x)P2O5 system, and reliable data for physical properties 
such as Tg are usually available. In this section, literature data for the Tg of alkaline earth 
and rare earth metaphosphates are used to evaluate the effective number of modifier 
constraints, qγ × nc,γ, and their dependence on the Rv+ species. 
A slightly difference version of Eq. (3.16) is used to determine qγ × nc,γ from Tg of the 
metaphosphates, because the number of atoms in the composition depends on v: 
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 (3.19) 
qγ × nc,γ is determined by fitting Eq. (3.19) to the literature Tg’s in Paper IV, where the 
results, ionic radii and experimentally determined CNs of the modifying cations are 
reported. qγ × nc,γ per Rv+is plotted against CN in Figure 3.5. 
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Figure 3.5: The effective number of constraints per modifying cation (qγ × nc,γ per Rv+) in alkali, 
alkaline earth and rare earth metaphosphate glasses plotted against the coordination number (CN) 
determined primarily by diffraction studies. The sources of the experimental data can be found in 
Paper IV. 
Based on Eq. (1.2), a correlation between qγ × nc,γ per Rv+ and CN is expected but is not 
observed. However, they both fall in the same range between 2 and 8, which is a hint that 
the γ constraints could be related to the SRO of the Rv+ polyhedra. The lack of correlation 
to CN and strong influence of valence show that the nature of the Rv+−NBO interactions are 
of an ionic nature. qγ × nc,γ per Rv+ is approximately twice the valence of the modifying 
cation, but the ionic radius having an effect as well.  
The parameter that best describes the variation in qγ × nc,γ per Rv+ is the charge-to 
distance ratio (σ) proposed by Eisenberg [93], which is a measure of the coulombic 
interaction between modifying cations and NBOs: 
2vR O
v
r r
σ
+ −
=
+
 (3.20) 
Where rRv+ is the ionic radius of the modifying cation and rO2- is the ionic radius of the 
NBO equal to 1.4 Å [103]. Fig. 4 shows an approximate linear relation between qγ × nc,γ per 
Rv+ and σ for the metaphosphate compositions studied in Paper IV.  
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Figure 3.6: The effective number of constraints per modifying cation (qγ × nc,γ per Rv+) in 
alkali, alkaline earth and rare earth metaphosphate glasses against the charge-to-distance 
ratio (σ) defined in Eq. (3.20). The line is the best linear fit to data and R2 is the coefficient 
of determination. 
A similar correlation has been reported before, but using a different topological model 
and interpretation of ‘constraint strength’ [104]. These results are different because qγ × nc,γ 
per Rv+ and observables like NBO/Rv+ and CN fall in the same ranges, which substantiate 
that the γ constraints are related to the short range order around the modifying cations. 
3.3 Borophosphate glasses 
3.3.1 Alkali borophosphates 
The composition of alkali borophosphate glasses can be written as xR2O (1-x)[yB2O3 (1-
y)P2O5]. In borophosphate glasses, alkali oxide, R2O, will cause the formation of B4 NFUs 
as well as depolymerizes the glass network. The NFU speciation in borophosphate glasses 
can be predicted by the structural and topological model described in Section 2.2. The 
Tg(x,y) of sodium borophosphates with y = 0, 0.5, and 1 are shown in Figure 3.7. 
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Figure 3.7: Experimental and modeled glass transition temperatures (Tg) by Eq. (3.23) is plotted as a 
function of x for three different series of xNa2O (1-x)[yB2O3 (1-y)P2O5] glasses with y = 0 [96], 0.5 
[40] and 1 [32]. 
The trend in Tg(x,y) critically depends on the boron fraction, and to some extent follows 
the evolution of [B4] that was described and characterized in Section 2.2. The plateau 
between about x = 0.2 to 0.4, however, does not fit the trend of [B4]. It has recently been 
proposed that these compositions comprise an intermediate phase, but to achieve the 
isostatic criterion by Phillips’ constraint counting, it is assumed that the network 
dimensionality changes with x [105]. This result seems very difficult to apply in practice, 
especially for mixed network former glasses. Another explanation for the plateau in Tg(x,1) 
was proposed by Mauro, who argued that it is caused by the onset temperature of the 
O−B−O angular constraint being reached. This can also explain the high fragility (m ≈ 60 to 
85) of these compositions [32], whereas the intermediate phase is supposed to exhibit low 
fragility.  
Temperature dependent constraint is used to describe the compositional dependence on 
Tg. The constraints are evaluated by using Eq. (1.2) and (1.3). The TO in the P3 NFU is 
plucked from the network based on the result for phosphoric acids. The linear constraints of 
the NFUs are all attributed to the oxygen, but the linear constraints between NBO and the 
modifier are all attributed to the modifier. The number of constraints on modifiers is 
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evaluated assuming xcrit = 0 in Eq. (3.17) in order to simplify the mathematics. This 
simplification will only slightly affect the results for phosphate rich compositions. The 
constraints are ranked in order of their strength: 
• α: B−O and P−O linear constraints. There are two at each BO and one at each NBO. 
None are counted at the double bonded terminal oxygen (TO) on P3 as it is not 
considered part of the network. 
• β: O−B−O and O−P−O angular constraints. There are three for B3, B2, B1, B0 and P3. P3 
is considered effective three-fold coordinated because the TO is not part of the network. 
There are five angular constraints for B4, P4, P2, P1 and P0. 
• γ: R+−NBO linear constraints. The number of constraints is equal to the oxygen 
coordination number (CN) of the R+ charge balancing NBO. There are no constraints 
for R+ charge balancing B4. 
• δ: B−O−B, B−O−P and P−O−P angular constraints. There is one for each BO. 
For convenience, the B−O and P−O linear constraints are considered to be equivalent 
and denoted as the strongest (α) constraint. The second strongest (β) constraint is the 
O−B−O and O−P−O angular constraints. The O−B−O angular β constraint in binary 
sodium borate glasses was found to have an onset temperature Tβ = 740 K and become 
partially broken to cause a plateau in Tg(x,1) [32]. Here, the constraint will be considered 
intact, but the modeled Tg(x) is limited by the onset temperature Tβ,B. The R+−NBO linear γ 
constraint in binary sodium phosphates was found to have an onset temperature Tγ = 590 K, 
and they are therefore only partially intact at Tg. The fraction of intact γ constraints is 
denoted qγ and taken as a fitting parameter. The BO centered angular δ constraint is 
considered broken at Tg, as it is estimated to have an onset temperature Tδ = 328 K based on 
the Vogel temperature of B2O3 [32]. The angular constraints around the NBO and R+ are 
not considered because their bonding is primarily ionic. Ionic bonding is by definition non-
directional and therefore, these angular constraints are expected to be too weak to influence 
the physical properties. 
By using the structural model in Section 2.2 and applying Eq. (1.4) the number of 
constraints per atom Nc(x,y) is found: 
( ) ( ) [ ] [ ]
( )
( )
[ ]
3 3 2 1 0
4 2 1 0
, , 2 BO 1 NBO
3 P B B B B
5 B P P P
CN R
c atomsN x y N x y
qγ
× = × + ×
         + × + + + +         
       + × + + +       
+ × ×
 (3.21) 
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Here, Natoms(x,y) is the number of atoms per NFU and is necessary to convert from the 
‘per NFU’ concentrations in the structural model to ‘per atom’ basis for the number of 
constraints. Natoms(x,y) is readily determined from the NFU fractions of xR2O (1-x)[yB2O3 
(1-y)P2O5], while not counting the TO in the P3 NFU and the R+ charge-stabilizing B4: 
 
( ) ( ) ( )3 3 4 4
2 1 0
2 1 0
, 2.5 B P 3 B P
4 B 5.5 B 7 B
5 P 6.5 P 8 P
atomsN x y        = × + + × +       
     + × + × + ×     
     + × + × + ×     
 (3.22) 
Eq. (3.4) is modified to take into account the onset temperature Tβ,B limiting the Tg(x,y):  
( ) ( )( )
, ,
,B ,
3 , ,
, min ,
3 , ,
c ref g ref ref ref
g g ref
c g
N T x y
T x y T T
N T x yβ
 
−
 = ×
−  
 (3.23) 
Based on the Tg(x,y) data for alkali borophosphate glasses, it is proposed that Tβ,B 
depends on the degree of polymerization (DP) of the NFU neighbors of B4 as defined in Eq. 
(2.7). An empirical relation can describe the data well: 
( ) ( ) ( )
,B , 55 DP , 740 3 55T x y x yβ = × + − ×  (3.24) 
Eq. (3.24) entails that Tβ,B is linearly proportional to DP and when DP = 3, then Tβ = 
740 K as found for binary sodium borate glasses [32]. The predictions of Eq. (3.23) are 
shown in Figure 3.7 for xNa2O (1-x)[yB2O3 (1-y)P2O5] glasses with varying x but constant y 
= 0, 0.5 and 1. B2O3 is used as the reference composition with Tg,ref = 543 K and Nc,ref(Tg,ref) 
= 2.4 [32], and qγ = 0.6 and CN = 5 for sodium. As expected, the model does not work very 
well for the sodium phosphate glasses due to the simplification in the treatment of the γ 
constraints, but the magnitude of Tg is reasonably accounted for. The agreement between 
model and data for the sodium borate and borophosphate glasses is very good. 
In Figure 3.8, the effect of the alkali species is investigated for xR2O (1-x)[yB2O3 (1-
y)P2O5] glasses with x ≈ 1/3 and R = Li, Na, K, Cs [52], [106].  
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Figure 3.8: Experimental and modeled Tg is plotted as a function of y for three different series of 
1/3R2O 2/3[yB2O3 (1-y)P2O5] glasses with R = Li, K and Cs [52]. For R = Li then qγ = 0.75, CN = 4 
and Tβ,B = 760 K, for R = K then qγ = 0.4, CN = 6 and Tβ,B = 710 K and for R = Cs then qγ = 0.33, CN 
= 6 and Tβ,B = 680 K. The R = Na series has a slightly different composition 0.35Na2O 0.65[yB2O3 (1-
y)P2O5] [106], and the model uses qγ = 0.6, CN = 5 and Tβ,B = 740 K.  
The trend of Tg(1/3,y) closely follows that of [B4] shown previously in Figure 2.6, but 
the magnitude depends on the alkali species. Tg(1/3,y) decreases with the ionic radius of the 
alkali ion as was also found for the alkali phosphate glasses. By varying qγ, the Tg(1/3,y)  
dependence of alkali species for y < y* can be described. However, for y > y*, it is necessary 
to use different Tβ,B to account for the behavior of Tg(1/3,y), similarly to what has 
previously been postulated for soda lime borate glasses [81].  
It does not make much sense that the overall similar behavior has two different 
explanations for y < y* and y > y*. Also, there is no apparent reason why the B centered β 
constraint should break so rapidly on reaching the onset temperature, when the γ constraints 
and δ constraints exhibit a smooth and continuous behavior [28]. These reasons warrant a 
critical discussion on the use of Tβ,B to limit Tg(x,y). 
A structural model was developed in Section 2.2 and shown for the 1/3R2O 2/3[yB2O3 
(1-y)P2O5] glasses in Figure 2.6. For y > y*, it can be seen that [P3] is substituted one-to-one 
for [B3]. These two NFUs have the same number of constraints because the DBO is not 
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considered to be a part of the network. This entails that a plateau occurs for y > y*, even 
without Tβ,B limiting Tg(x,y). The only problem is that this plateau is significantly higher 
than what is observed, as shown in Figure 3.9.  
 
Figure 3.9: The contribution of each type of constraint, α, β, and γ, on the Tg(1/3,y) predicted by Eq. 
(3.23) without limiting by Tβ,B. The solid circles are experimental values for 0.35Na2O 0.65[yB2O3 (1-
y)P2O5] glasses [106], and the black line is the prediction by Eq. (3.23) with limitation by Tβ,B. The 
coincidence of the experimental Tg(1/3,y) and edge of the β constraint contribution for y > y* is 
coincidental. 
Figure 3.9 shows the contribution to Tg(1/3,y) by each type of constraint. On inspection 
of this figure, one might think that the γ constraints are broken, and the β constraints intact, 
for y > y* because the edge of the β constraint range coincides well with Tg(1/3,y). However, 
this is a complete coincidence, and does not happen for any other compositional series. 
What can be seen in Figure 3.9 is that the scaling of Tg(x,y) with Nc(x,y) apparently changes 
when y ≈ y*. This could be because the constraints are accounted for incorrectly, possibly 
by the softening of a constraint such as the B centered angular β constraint, or maybe by the 
rigidity being localized in the intermediate range order in borate-rich glasses. The reason is 
not known, but the apparent success of Eq. (3.24) to describe Tg(x,y) for y > y* indicate that 
the topology of the network is still the crucial factor. 
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3.3.2 Calcium borophosphates 
The Tg of the zCa(B4O7) (1-z)Ca(PO3)2 glasses was determined as the onset temperature 
of the glass transition by DSC at the standard heating/cooling rate of 10 K/min. The DSC 
scans are shown in Figure 3.10, where the inset shows the definition of Tg. 
  
Figure 3.10: The DSC curves of zCa(PO3)2 (1-z)CaB4O7 glasses are measured at a heating rate of 
10K/min after prior cooling from above Tg at the same cooling rate. Tg is defined as the onset 
temperature of the glass transition, as seen in the inset. ∆Cp is defined as Cpl - Cpg also shown in the 
inset. Cp and ∆Cp are given in joules per mol atoms per kelvin, which enables comparison between 
compositions as Cpg is approximately a constant equal to 3R. 
The Tg determined by DSC for the zCa(B4O7) (1-z)Ca(PO3)2 glasses are plotted as a 
function of z in Figure 3.11. 
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Figure 3.11: a) Experimental and modeled glass transition temperature (Tg) by Eq. (3.4) as a 
function of z for zCa(B4O7) (1-z)Ca(PO3)2 glasses. b) Experimental and modeled liquid fragility (m) 
by Eqs. (3.8)-(3.10). On the right hand side the thermodynamic fragility (∆Cp) is plotted to scale with 
the m values. The onset temperatures used for the m model are Tα(B-O-P) = 1600 K, Tα(P-O) = Tβ(P) 
= 1400 K, Tα(B-O) = 1100 K, Tβ(B) = 1000 K, Tγ = 900 K and Tδ = 328 K with vtobs = 100. 
The structure and topology of the zCa(B4O7) (1-z)Ca(PO3)2 glasses are similar to that of 
the alkali borophosphate glasses, and only the γ constraints are treated differently in the 
constraint calculation:  
( ) ( ) [ ] [ ]
( )
( )
[ ] [ ]( )4
3 3 2 1 0
4 2 1 0
NBO B
2 BO 1 NBO
3 P B B B B
5 B P P P
CN Ca 2 Ca
c atomsN z N z
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× = × + ×
         + × + + + +         
       + × + + +       
+ × × + ×
 (3.25) 
Where qγ = 5/6 and CN = 6 for calcium metaphosphate glass, as described in Paper V. 
The two constraints per Ca2+ at B4 are linear constraints between two negatively charged B4 
units and the Ca2+ charge balancing them. Natoms(z) is slightly different than for alkali 
borophosphates, because of the larger valence of calcium oxide: 
3  Compositional dependence of dynamic properties   
 
59 
 
( ) ( )
( )
3 3 4
4 2 1 0
2 1 0
2.5 B P 3 P
3.5 B B 4.5 B 5.5 B
4.5 P 5.5 P 6.5 P
atomsN z      = × + + ×     
       + × + + × + ×       
     + × + × + ×     
 (3.26) 
Eq. (3.4) is used to predict Tg(z), and not the modified Eq. (3.23) which limits Tg by the 
onset temperature of the B centered angular β constraint. This is because no evidence of a 
cross-over between Tg(z) and Tβ = 910 K [34] is found. However, this may be due to the 
glass forming range being limited to low z-values. 
Since most of the glasses are rich in phosphate, the reference composition is taken as 
P2O5, and therefore Tg,ref = 590 K [95] with Nc,ref = 2.4 as found in Paper II. The modeled 
Tg(z) is shown in Figure 3.11., and agrees well with the data, considering that [B4] is 
overestimated by the structural for the z = 0.25 and z = 0.3 compositions.  
The liquid and thermodynamic fragilities were also determined for these glasses. The 
viscosity in the glass transition range, η = 1010 Pa s to η = 1012 Pa s, was measured by ball 
penetration viscosity and m determined by linear fitting of log10 η vs Tg/T. ∆Cp was 
measured by DSC as the difference between the liquid heat capacity (Cpl) and the glass heat 
capacity at Tg (Cpg) as shown in the inset of Figure 3.10. The specific heat capacity Cp is 
given in units of joule per mol atoms per kelvin because this should give Cpg = Cp(Tg) = 3R 
by the Dulong-Petit law, and thereby allow comparison of ∆Cp of between different glass 
compositions.  
The experimental m and ∆Cp values are compared to modeled values by Eqs. (3.8)-(3.10) 
in Figure 3.11. In order for the model to achieve good agreement with the experimental 
fragility data, it is necessary to split up the α and β constraint depending on whether the 
constraint belongs to the P or B network. In the case of the α constraints, this was done by 
using the XPS measurements of oxygen speciation in Figure 2.10. The constraint onset 
temperatures are Tα(B-O-P) = 1600 K, Tα(P-O) = Tβ(P) = 1400 K, Tα(B-O) = 1100 K, Tβ(B) 
= 1000 K, Tγ = 900 K, Tδ = 328 K and vtobs = 100. Several combinations of onset 
temperatures and vtobs can give a similar compositional dependence of m. Therefore, the 
constraint onset temperatures and vtobs cannot be precisely determined, but the fitted values 
agree well with those previously found for borate [32], [34], [81] and phosphate (Paper II) 
containing glasses. Also, with Tγ = 900 K gives qγ ≈ 5/6 around Tg by Eq. (3.9) as assumed 
previously for the Tg(z) calculation.  
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3.4 Phosphosilicate glasses 
3.4.1 Sodium phosphosilicates 
The composition of alkali phosphosilicate glasses can be written generally as xR2O (1-
x)[ySiO2 (1-y)P2O5], and the glasses investigated were sodium phosphosilicates with x = 0.3. 
In phosphosilicate glasses, the alkali oxide R2O can cause the formation of Si6 NFUs, as 
well as depolymerize the glass network. The NFU speciation in phosphosilicate glasses can 
be predicted by the structural and topological model described in Section 2.3. 
The Tg’s of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses were determined by DSC with a 
heating/cooling rate of 10 K/min. The DSC scans are shown in Figure 3.12, and the 
determined Tg and ΔCp values are plotted against y in Figure 3.13. The liquid fragility was 
inferred from the heating rate dependence of the onset of the glass transition in DSC, as 
described previously with Eq. (3.18). 
 
Figure 3.12: Differential scanning calorimetry scans for the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glass 
compositions. Cp is given per mole of atoms in the glass. The inset shows how Tg, Cpg and Cpl are 
determined. ∆Cp is defined as Cpl - Cpg. 
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Figure 3.13: Compositional dependence a) of the glass transition temperature (Tg) and b) liquid 
fragility (m) and thermodynamic fragility (ΔCp) for the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glass 
compositions. Liquid fragility was inferred from the heating rate dependence of the fictive 
temperature in a DSC experiment fitted to Eq. (3.18). The solid lines represent the modeled properties 
by Eq. (3.4) and Eq. (3.27) for Tg, and Eqs. (3.8)-(3.10) for m.  
The trend in Tg generally increases with y, but with a sharp local maximum around y = 
0.29, and a local minimum apparently around y = 0.54, which is at the edge of the glass-
forming region. This trend in Tg closely matches the fraction of Si6 from the structural 
model described in Section 2.3.  
As done above, the compositional dependence of Tg is modeled with temperature 
dependent constraint theory. The following constraints are considered: 
• α: Si−O and P−O linear constraints. There are two at each BO and one at each NBO. 
None are counted at the double bonded terminal oxygen (TO) on P3 as it is not 
considered to be a part of the network. The topological model is: 
• β: O−Si−O and O−P−O angular constraints. There are nine for Si6, five for Si4, Si3, Si2, 
Si1, Si0, P2, P1, and P0, but only three for P3. P3 is considered to be effectively three-fold 
coordinated because the TO is not part of the network. 
• γ: R+−NBO linear constraints. The number of constraints is equal to the oxygen 
coordination number (CN) of R+ charge balancing NBO. There are no constraints for R+ 
charge balancing Si6. 
• δ: Si−O−Si, Si−O−P and P−O−P angular constraints. There is one for each BO. No 
angular constraints are counted for NBO. 
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For the sake of convenience, the Si−O and P−O linear constraints are considered 
equivalent and denoted as the strongest (α) constraint. The second strongest (β) constraint is 
the O−Si−O and O−P−O angular constraints. The R+−NBO linear γ constraint in sodium 
phosphate glasses is found to be only partially intact at Tg, and assumed the same here. The 
BO centered angular δ constraint is considered to be broken at Tg. 
By using the structural model in Section 2.3 and applying Eq. (1.4) the number of 
constraints per atom Nc(x,y) is found: 
( ) ( ) [ ] [ ]
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[ ]
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 (3.27) 
Here, Natoms(x,y) is the number of atoms per NFU and is necessary to convert from the 
‘per NFU’ concentrations in the structural model to ‘per atom’ basis for the number of 
constraints. Natoms(x,y) is readily determined from the NFU fractions of xR2O (1-x)[ySiO2 
(1-y)P2O5], while not counting the TO in the P3 NFU and the R+ charge-stabilizing Si6: 
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 (3.28) 
Eq. (3.4) is used together with Eq. (3.27) and (3.28) to evaluate Tg(x,y). The reference 
composition is P2O5, and therefore Tg,ref = 590 K [95] with Nc,ref = 2.4 as found in Paper II. 
Using CN = 5, the value of qγ that best fit the data is 0.4 which yield an effective two 
constraints per Na+. The modeled Tg(0.3,y) is plotted in Figure 3.13. The overall trend and 
location of the local maximum and minimum is replicated well, but the magnitude deviates 
as much as 50 K. This is likely because the number of γ constraints per Na+ depends on the 
composition. The two γ constraints per Na+ fitted here is significantly less than the three γ 
constraints per Na+ found for sodium borophosphate glasses, and there may well be further 
variation within the phosphosilicate glasses themselves.    
The m values of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses are plotted as a function of y 
in Figure 3.13b. In this figure, the isobaric heat capacity jump at Tg (ΔCp) is also plotted, 
and has a very similar trend as the m data. The y = 0.89 composition lower fragility than the 
compositional trend suggests. This could be caused by the P0 units detected by Raman 
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spectroscopy not participating in the glassy network. The fragility peaks at the y = 0.29 
composition, which also has the largest Tg and Si6 content. 
The fragility is modeled by applying Eqs. (3.8)-(3.10). Previous work on the topology 
of borosilicate glasses found that vtobs = 60, and the oxygen bond stretching (α) constraint 
onset temperature  Tα = 1600 K and Tβ,Si = 1425 K, and the same values are employed here 
[34]. Tβ,P = 850 K is taken from the previous analysis of sodium phosphate glasses in Paper 
II, and Tδ = 328 K is inferred from the Vogel temperature of B2O3 [32]. This leaves only the 
onset temperature of the modifying ion bond stretching γ constraint as a fitting parameter. 
By fitting to the experimental m values, the onset temperatures Tγ = 550 K is obtained, 
which agrees well with previous results on sodium phosphate in Paper II. 
The modeled composition dependence of m is also plotted in Figure 3.13b. The 
maximum in the experimental liquid and thermodynamic fragilities occurring at y = 0.29 is 
not replicated by the model, possibly because α and β constraints in the Si6 NFU are taken 
to have the same strength as in other Si NFUs. Otherwise the model reproduces the overall 
trend of m and ΔCp with reasonable accuracy. 
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4 Compositional dependence of mechanical properties 
4.1 Definitions and theories 
4.1.1 Indentation hardness 
The ‘hardness’ of a material can be understood as the material resistance to surface 
damage. A common way to measure hardness is by indentation, where an indenter of 
known geometry is pressed into the sample at a fixed load, and the hardness is measured by 
the size of the indent that is created. A variety of indenter geometries exist, but in this thesis 
a diamond Vickers indenter is used. The Vickers indenter is a square-based pyramid with 
an angle θ = 136° between opposite pyramid faces. The Vickers indentation hardness is 
defined as: 
2 2
2 sin 1.8544V
P PH
d d
θ
= =
 (4.1) 
Where P is the load and d is the diagonal of the indent. By this definition, the 
indentation hardness is the load on the projected area of the indent, or the force that can be 
sustained per initial surface area. Native silicate glasses generally have HV in the range of 3 
to 7 GPa.  
Glass is often said to be an ideally elastic solid, and therefore it may be surprising that a 
permanent deformation takes place during indentation. The permanent deformation occurs 
as a result of gigapascal-range compressive and shear stresses, which do not occur in a 
tensile test. It has been established that there are three deformation mechanisms that can 
occur during indentation as illustrated in Figure 4.1 [107]. 
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Figure 4.1: The three different deformation mechanisms that can occur during indentation: Elastic 
deformation, densification, and plastic deformation. Only the densification and plastic deformation 
are permanent. Adapted from [107].  
 The elastic deformation is difficult to observe because it is released upon unloading. 
The work of elastic and permanent deformation can be quantified by performing careful 
load-displacement indentation experiments. The elastic work is found to be around 70 % of 
the total work for  silica glass [108]. This can explain why indentation hardness is strongly 
correlated with the elastic properties of materials [109]. 
Densification is a non-volume conservative collapse of the glass structure. The 
mechanism of densification during indentation seems to be the same as in hydrostatic 
compression experiments [110] based on their relatively low activation energies [111]–
[113]. The densified glass can be relaxed to normal volume by annealing below Tg, such as 
2 hours at 0.9 × Tg [114]–[116].     
Plastic flow in glasses is evidenced by the creation of pile-up regions on the indentation 
edge. These pile-up regions become more pronounced for sharp indenter geometries and 
soft glasses [117]. The mechanism of plastic deformation seems to be the same as viscous 
flow, just activated by the large shear stresses induced by indentation rather than 
temperature [117], [118]. 
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Yamane & Mackenzie devised a semi-empirical model of indentation hardness by 
attributing a characteristic resistance to each of these deformation mechanisms, and taking 
the Vickers  indentation hardness to be proportional to the geometric average [119]: 
( ) ( )1 31 3T E D PR R R R K GK G GKα α α= × × = × × =  (4.2) 
Where α is the average bond strength relative to silica glass, K is the bulk modulus, and 
G is the shear modulus. The average bond strength can be determined using Sun’s table of 
bond strengths in oxide glasses [120]. The calculated Vickers hardness by the Yamane & 
Mackenzie model is compared to measured values for a variety of silicate glasses in Figure 
4.2.   
 
Figure 4.2: Comparison of the calculated Vickers hardness by the Yamane & Mackenzie model and 
the measured values for silicate glasses from Paper I and Sanditov et al. [121]. The proportionality 
constant is found by fitting the measured hardness values by Sanditov et al. to Eq. (4.2) and is equal 
to 0.18, very close to the proportionality constant equal to 0.19 found by fitting to silica glass [119]. 
As can be seen in Figure 4.2 the Yamane & Mackenzie model can describe the Vickers 
hardness of a variety of glass compositions within an error of about 10 %.  
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Smedskjaer et al. suggested that the indentation hardness can be determined in the 
framework of temperature dependent constraint theory [33]. They described the Vickers 
hardness as a linear function of the number of constraints at room temperature: 
( ) ( )( ),VV c c crit
c
dH
H x N x N
dN
 
= × − 
 
 (4.3) 
Where Nc(x) is the number of constraints per network forming atom at room 
temperature for composition x, dHV/dNc is a constant and is found to be on the order of 7 to 
10 GPa [33], [122]. This constant is expected to contain information about the bond 
strengths and molar volume of the glass [123]. In the Yamane & Mackenzie model the 
influence of these parameters is contained in the average bond strength, α, and the elastic 
constants [124]. Nc,crit = 2.5 is the minimum number of constraints per atom necessary for 
the constraints to affect hardness, and is related to the dimensionality of the network [33].  
This constraint approach has been used to accurately describe the compositional 
dependence of Vickers hardness for soda lime borate [33], borosilicate [34], and 
boroaluminosilicate glasses [122]. These glasses all have high degrees of polymerization, 
meaning that the constraints are mostly caused by the network formers. It remains to be 
seen if Eq. (4.3) can explain the hardness of glass compositions where the relatively weak 
constraints on the modifiers constitute a significant fraction of the total number of 
constraints. 
4.1.2 Crack formation 
During indentation, several types of cracks progressively occur as the load is increased 
which can in general be understood by the occurrence of an elastic/plastic contact [125], 
[126]. The type of cracks that form and the load they form at depend on factors such as 
atmosphere [127], surface condition [128], and temperature [129]. However, with careful 
measurements, a distinct dependence on glass composition can be measured [130]–[132]. 
Therefore, the load for crack initiation can be used as a measure of resistance to crack 
formation, or ‘crack resistance’. 
One way of defining the crack resistance is the load corresponding to the formation of 
on average two radial cracks per Vickers indent [133], as shown in Figure 4.3. 
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Figure 4.3: The probability of crack initiation as a function of applied load in gram force. The load for 
crack initiation, or ‘crack resistance’, corresponds to a probability of crack initiation of 50 %, as 
indicated by the dotted line [130]. 
The residual stress, which is the cause of crack formation in glasses [125], seems to be 
primarily due to the plastic deformation occurring during indentation, while the permanent 
deformation caused by densification has little or no influence [130], [132], [133].    
4.2 Soda lime silicate glasses 
4.2.1 Densification and plastic deformation 
In Paper I, the compositional dependence of the densified and plastic deformation 
volumes was characterized for a variety of silicate glasses. The main object of this study 
was to substantiate the individual resistances to deformation proposed in the Yamane & 
Mackenzie model of indentation hardness [119]. 
The silicate glasses were prepared by the melt-quench technique. Tg was determined with a 
heating rate of 10 K/min using thermomechanical analysis and elastic moduli by ultrasonic 
measurement of the velocity of sound. The compositions and properties are given in Table 
III. 
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Table III: The physical properties of the studied glasses: The glass transition temperature (Tg), 
average bond strength (α), bulk modulus (K), shear modulus (G) and Vickers hardness (HV) measured 
at 245 mN and a dwell time of 15 s. 
Composition Tg (K) α (-) G (GPa) K (GPa) HV (GPa) 
80SiO2 15Na2O 5CaO 814 0.678 28 39 5.2 
75SiO2 15Na2O 10CaO 841 0.663 29 43 5.2 
75SiO2 15K2O 10CaO 903 0.595 25 39 4.4 
75SiO2 15Na2O 10BaO 727 0.640 23 40 4.2 
75SiO2 15K2O 10BaO 841 0.576 21 34 4.0 
75SiO2 25Na2O 763 0.594 24 37 3.7 
71.4SiO2 23.8Na2O 4.8CaO 786 0.585 26 41 4.4 
68.2SiO2 22.7Na2O 9.1CaO 806 0.577 28 45 4.5 
65.2SiO2 21.7Na2O 13CaO 818 0.570 29 48 5.1 
60SiO2 20Na2O 20CaO 831 0.556 31 53 5.2 
 
The densification was quantified by the method used by Yoshida et al. [114]. Twenty 
crack-free indentations were made at 245 mN and 15 second dwell time, and then imaged 
by atomic force microscopy (AFM). The samples were annealed at 0.9Tg for two hours to 
relax the densified volume [113] and imaged again by AFM. Densified and plastic 
deformation volumes are calculated based on a volume balance with the initial indent 
volume: 
( ) ( )d i a a iV V V V V− − + += − + −  (4.4) 
p i dV V V
−
= −
 (4.5) 
Where Vd is the densified volume and Vp is the plastic deformation volume. Subscript i 
represents the initial AFM measurement, and a is the AFM measurement after annealing. 
Superscript ‘–’ indicates the volume beneath the surface level, and ‘+’ above. The method 
is illustrated in Figure 4.4. 
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Figure 4.4: The method for determining the densified and plastic deformation volume. Subscript i 
represents the initial AFM measurement, and a the AFM measurement after annealing. Superscript – 
indicates the volume beneath the surface level, and + above. Vd and Vp are determined by the volume 
balances in Eqs. (4.4) and (4.5). Adapted from [115]. 
Vd and Vp determined from the AFM measurements before and after annealing are 
plotted in Figure 4.5. 
 
Figure 4.5: a) The best descriptor of the densified volume under a 245 mN indent is the bulk modulus 
(K). The inset shows the relation to the Yamane & Mackenzie resistance RD = (αGK)1/2. b) For the 
plastic deformation volume the silica mole fraction (nSiO2) is the best descriptor. The inset shows the 
relation to the Yamane & Mackenzie resistance RP = αG. The dashed lines are linear fits to the data. 
In both the case of the densification and plastic deformation, the Yamane & Mackenzie 
resistances from Eq. (4.2) correlate rather poorly with the measured deformation volumes, 
as shown in the insets. The Yamane & Mackenzie model describes the Vickers hardness of 
the glasses well, as seen in Figure 4.2. However, since the specific resistances in the model 
do not have the physical meaning that is attributed to them, then the model as a whole must 
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be considered an empirical relation, which cannot explain the physical origin of indentation 
hardness.  
A much better correlation is found between Vd and the bulk modulus K. K is the elastic 
resistance to hydrostatic compression, and approximately two-thirds of the mean pressure 
beneath the Vickers indenter is hydrostatic [134]. Densification is expected when the elastic 
compression reaches a certain yield value by increasing pressure. Such a yield compression 
has been observed for a variety of glasses under high pressure hydrostatic compression 
[110]. Since a higher bulk modulus is likely related to higher yield value, glasses with 
higher bulk modulus have lower densification volumes. 
As shown in Figure 4.5b, the plastic deformation volume decreases linearly with the 
silica mole fraction. No effect of the modifying ion on the plastic deformation is seen, but 
this may be due to the low plastic deformation volumes and concurrent relatively high 
standard deviations of the 75SiO2·15X2O·10MO (X = Na, K and M = Ca, Ba) glasses. 
Nonetheless, in the glasses investigated here, the silica content largely determines the 
compositional dependence of the plastic deformation volumes. It has been proposed that the 
mechanism of plastic deformation in glasses is slipping between modifier rich planes in the 
structure due to their relatively low bonding energy [135].  This could be a reason of the 
observed phenomenon. It is interesting to note that the deformation tends to zero around 80 
mole % silica, which corresponds quite well to the concentration where modifier rich 
channels start forming according to the modified random network model [10], and has also 
been found to be isostatic in the case of sodium silicate [27]. 
It was attempted to use these correlations to create a new model in the spirit of Yamane 
& Mackenzie. Unfortunately, a better description of the Vickers hardness of glasses could 
not be found.   
4.2.2 Relation between crack resistance and plastic deformation 
Previous results indicate that the plastic deformation, and not the densification, 
occurring during indentation is the cause of residual stress that induces cracking in glass. If 
this is the case, then the compositions with low plastic deformation volumes are expected to 
have high crack resistances. In order to test this hypothesis the crack resistance of three of 
the low plastic deformation compositions was characterized. All samples were acclimatized 
for 24 hours to the testing conditions (25°C and 30% relative humidity) before the 
measurements. The crack resistance was determined as the load at which an average of two 
cracks initiated from the corners of the indent, as sketched in Figure 4.3. Twenty Vickers 
indentations were made at five to seven loads on each sample. The results are shown in 
Figure 4.6. 
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Figure 4.6: The probability of crack initiation vs. applied load for three glass compositions with low 
plastic deformation volumes at 245 mN. The crack resistance was determined by a sigmoidal fit to the 
data, and is defined as the load corresponding to a probability of crack initiation equal to 50 %. 
The 80SiO2 composition has ~7 times larger crack resistance than the 75SiO2 
compositions. The 75SiO2 compositions have about the same plastic deformation volumes 
at 245 mN as seen in Figure 4.5b, while the 80SiO2 composition has approximately zero 
plastic deformation at this load. The sample size in this study is very small due to the time 
consuming measurements, but the results support the previous studies that link the plastic 
deformation to the cracking behavior of glasses.  
4.3 Calcium borophosphate glasses 
The Vickers hardness of the zCa(B4O7) (1-z)Ca(PO3)2 glasses was determined on 
mirror-polished samples as the average of 25 crack-free indentations performed at 490 mN 
with a 10 s dwell time. The Vickers hardness is plotted as a function of z together with Tg in 
Figure 4.7. 
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Figure 4.7: On the left hand axis are experimental and modeled glass transition temperature (Tg) by 
Eq. (3.4) and Eq. (3.25) is plotted as a function of z for zCa(B4O7) (1-z)Ca(PO3)2 glasses. On the right 
hand axis experimental and modeled Vickers hardness (HV) by Eq. (4.3) and the room temperature 
constraints found in Eq. (3.26). dHV/dNc = 9.4 GPa is obtained by fitting, and Nc,crit = 2.5 is 
assumed based on previous results [33], [34].  
The general trend of HV is similar to that of Tg, which indicates a similar origin of the 
two properties. Therefore, it was attempted to model HV of the calcium borophosphate 
glasses by temperature dependent constraint theory and Eq. (4.3). 
The same constraints as described in Section 3.3 are considered. The only difference is 
that more constraints are intact because indentation hardness is measured at room 
temperature. Specifically, the α, β, γ, and δ constraints are all considered fully intact, and 
the analytical expression for Nc(z) becomes:   
( ) ( ) [ ] [ ]
( )
( )
[ ] [ ] 4
3 3 2 1 0
4 2 1 0
NBO B
3 BO 1 NBO
3 P B B B B
5 B P P P
CN Ca 2 Ca
c atomsN z N z× = × + ×
         + × + + + +         
       + × + + +       
+ × + ×
 (4.6) 
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Where CN = 6, as found in Paper IV, and Nc,atoms(z) is defined in Eq. (3.26). dHV/dNc = 
9.4 GPa is obtained by fitting to the measured Vickers hardness, and Nc,crit = 2.5 is assumed 
based on previous results [33], [34], [122]. The modeled HV(z) is plotted in Figure 4.7 and 
is in excellent agreement with data. 
4.4 Sodium phosphosilicate glasses 
The Vickers hardness of the 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses was determined on 
mirror-polished samples as the average of 25 crack-free indentations performed at 490 mN 
with a 10 s dwell time. The Vickers hardness is plotted as a function of y together with Tg in 
Figure 4.8. 
 
Figure 4.8: On the left hand axis are experimental and modeled glass transition temperature (Tg) by 
Eq. (3.4) and Eq. (3.7) is plotted as a function of y for 0.3Na2O 0.7[ySiO2 (1-y)P2O5] glasses. On the 
right hand axis are experimental and modeled Vickers hardness (HV) by Eq. (4.3) and the room 
temperature constraints found in Eq. (4.7). dHV/dNc = 7.5 GPa is obtained by fitting, and Nc,crit = 
2.5 is assumed based on previous results [33], [34]. 
As for the calcium borophosphate glasses, the general trend of HV is very similar to that 
of Tg. The HV of the sodium phosphosilicate glasses is modeled by temperature dependent 
constraint theory and Eq. (4.3). The same constraints as described in Section 3.4 are 
considered. The only difference is that more constraints are intact because indentation 
hardness is measured at room temperature. Specifically, the α, β, δ constraints are all 
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considered fully intact. The number of γ constraints also increase, as the constraint strength 
at Tg, qγ = 0.4, increases to qγ = 0.6 at room temperature, corresponding to three constraints 
per Na+. The analytical expression for Nc(x,y) becomes:  
( ) ( ) [ ] [ ]
( )
[ ]
3 6
4 3 2 2 1 0
, , 3 BO 1 NBO
3 P 9 Si
5 Si Si Si P P P
CN R
c atomsN x y N x y
qγ
× = × + ×
   + × + ×   
           + × + + + + +           
+ × ×
 (4.7) 
Where CN = 5 and Natoms is defined in Eq. (3.28). The modeled composition dependence 
of HV by Eq. (4.3) combined with Eq. (4.7) using (dHV/dNc) = 7.5 GPa and Nc,crit = 2.5 is 
plotted in Figure 4.8. The compositional trend is reasonably replicated, but with significant 
errors. The trend in the difference between model and experiment is very similar for both Tg 
and HV, and is expected to have the same origin, but the magnitude is larger for HV.  
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5 General discussion 
Structural models of borophosphate and phosphosilicate glasses have been developed 
by invoking topological rules. For borophosphate glasses the rule is that B4 network 
forming units (NFUs) cannot be direct neighbors, and for phosphosilicates the rule is that 
Si6 bonds to 6 P3 NFUs, which can only have one Si6 NFU neighbor. The structural models 
are confirmed by nuclear magnetic resonance, Raman, and O 1s X-ray photoelectron 
spectroscopy. However, these topological models cannot describe finer details of the 
network former speciation, such as the fictive temperature dependence on the B4 
concentration [34], or disproportionation of P2 in calcium phosphate glass [57]. In order to 
account for such effects, and develop a more accurate structural model, statistical 
mechanics can be employed [136]. However the simple topological models adequately 
describe the structure and topology of the mixed network former glasses for the present 
purpose. 
The dynamic properties such as the glass transition temperature (Tg) and fragility have 
been related to the structure of the glass by temperature dependent constraint theory. The 
study of the compositional dependence of Tg of phosphoric acids clearly shows that 
depolymerizing the phosphate network decreases the number of constraints. It is also found 
that the one-fold coordinated double-bonded terminal oxygen (TO) are best treated by 
plucking them from the network, while the one-fold coordinated hydrogen are considered 
part of the network with one linear bond stretching constraint. The TO can also be treated in 
the same way, which gives a similar compositional dependence of Tg.    
The trend in the compositional dependence of Tg in alkali phosphate glasses can be 
accounted for by the alkali ions forming cross-linking sites at concentrations above xcrit, 
which is related to the coordination number. This cross-linking of the modifier polyhedra is 
denoted as the modifying ion sub-network. Hoppe’s structural model support the formation 
of a modifying ion sub-network based on based on numerous diffraction experiments of 
phosphate glasses [51]. The magnitude of Tg decreases with the size of the alkali ion in 
phosphate glasses. This effect can be quantified by a constraint strength parameter, which is 
a measure of the degree to which the modifier constraints are intact at Tg.    
The number of intact modifier constraints at Tg for alkali, alkaline earth, and rare earth 
metaphosphate glasses is found to correlate with the charge-to-distance ratio, which is a 
measure of the coulombic force between the modifying ion and the non-bridging oxygen 
[93]. This result shows that the modifier constraints are of ionic nature, and provides a 
method for empirically finding their number. The maximum number of modifier constraints 
seems to be the coordination number of the modifier, and this maximum is achieved for 
small modifying ions with low coordination numbers.  The universality of the results is 
5  General discussion   
 
78 
 
investigated by applying them to mixed network former borophosphate and phosphosilicate 
glasses. 
For alkali borophosphate glasses the Tg appears to be limited by the onset temperature 
of the boron centered angular constraints, Tβ,B, as previously found in alkali borates [32]. 
An empirical relation between this onset temperature and the degree of polymerization of 
the network is suggested, which is in excellent agreement with experimental results. 
Whether it is physically reasonable to assume that Tg is limited by such an onset 
temperature is critically discussed. The high fragility of the glasses with Tg = Tβ,B is in favor 
of the current explanation, but perhaps the intermediate range order in borate-rich glasses is 
the cause of the plateau in Tg. Interestingly, Tβ,B is not needed to explain the behavior of Tg 
in calcium borophosphate glasses, but the fragility data still suggest Tg ≈ Tβ,B. 
The temperature dependent constraint model replicates the trend in Tg of the sodium 
phosphosilicate glasses well, with a local maximum at the peak of the Si6 fraction, and a 
minimum Si6 disappears. However, the model has significant positive and negative 
deviation from experiment. This deviation is thought to be caused by constraint strength of 
the modifier constraints changing from the phosphate-rich glasses to the silicate-rich. A 
recent molecular dynamics study of soda lime silicate glasses show that the number of 
modifier constraints changes with the composition in silicate glasses [30].  
The temperature dependent nature of the constraints is verified by modeling the 
indentation hardness of calcium borophosphate and sodium phosphosilicate glasses. The 
compositional trend of Vickers hardness, HV, mimics that of Tg for both systems, which 
indicates that a constraint interpretation of indentation hardness is reasonable. HV could be 
modeled for both systems by taking the bridging oxygen angular constraint to be intact and 
increasing the modifier constraint strength. For calcium borophosphate glasses the modifier 
constraint strength is found to be unity, as expected, however for sodium phosphosilicate 
glasses the modifier constraint strength is only 0.6 at room temperature. More work is 
necessary to determine if the temperature interval where the sodium modifier constraints go 
from intact to broken is very wide, or if there is another explanation for this unexpected 
result.   
The origin of hardness is investigated in more detail by characterizing the densification 
and plastic deformation occurring during indentation for a series of soda lime silicate 
glasses. Specifically, the assumptions of specific resistances to densification and plastic 
deformation in the semi-empirical Yamane & Mackenzie model is tested [119]. The 
proposed resistances are found not to describe the measured deformation volumes well. 
Instead it is proposed that the resistance to densification is the bulk modulus, and the 
5  General discussion   
 
79 
 
resistance to plastic deformation is the silica content. However, it was not possible to use 
these findings to create an improved model for indentation hardness. In fact, the now 
confirmed empirical Yamane & Mackenzie model can describe the Vickers hardness of the 
glasses quite well. Perhaps the Yamane & Mackenzie model has a still unknown physical 
interpretation that explains its predictive power. 
The relation between crack resistance and plastic deformation is investigated for the 
silicate glasses exhibiting low plastic deformation. The glass with the lowest degree of 
plastic deformation has ~7 times higher crack resistance than two glasses which exhibit 
higher and similar plastic deformation volumes. These results indicate that a low bulk 
modulus and high silica fraction should give a highly crack resistant silicate glass.     
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6 Conclusion and perspectives 
The relation between structure and properties has been investigated for phosphate-based 
glasses by use of temperature dependent constraint theory. This investigation has yielded 
insight into what determines properties such as the glass transition temperature, fragility, 
and indentation hardness, and how to deal with one-fold coordinated atoms and network 
modifiers in the framework of temperature dependent constraint theory. 
The network modifiers are found to strongly influence the properties of phosphate-
based glasses, both by their depolymerizing effect, but also by their ionic bonding to non-
bridging oxygen. The compositional dependence of the glass transition temperature of 
alkali phosphate glasses was explained by the concept of a ‘modifying ion sub-network’, 
which is a cross-linking of modifier polyhedra occurring at a certain critical concentration 
of modifier. 
Although the modifier constraints are of an ionic nature, the number of modifier 
constraints at the glass transition temperature is still equal to their coordination numbers in 
the limit of high charge-to-distance modifiers. Larger alkali ions have higher coordination 
numbers, but give a lower glass transition temperature in phosphate-based glasses. This is 
because they have weaker coulombic interaction with the non-bridging oxygen, as seen by 
their lower charge-to-distance ratio. The concept of ‘constraint strength’ was introduced to 
quantify this effect. 
Structural models have been developed for mixed network former borophosphate and 
phosphosilicate glasses based on the measured structure and topology. These structural 
models can predict the short-range order and topology of the mixed network former glasses 
with reasonable accuracy by assuming some simple topological rules. 
 The structural models for borophosphate and phosphosilicate glasses were used in 
conjunction with temperature dependent constraint theory to prove the universality of the 
results obtained for binary phosphate glasses. For borophosphate glasses the modifying ion 
sub-network and constraint strength does very well in describing the compositional 
dependence of glass transition temperature, fragility, and indentation hardness. In the case 
of phosphosilicate glasses the compositional trends of these properties are replicated well, 
but with some errors in magnitude.  
The relation between hardness and permanent deformation mechanisms has also been 
investigated for the commercially important soda lime silicate system, as well as analogous 
potassium and barium silicates. The densification was found to decrease approximately 
linearly with the bulk modulus, and the plastic deformation with silica content. However, 
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no apparent correlation was found between these deformation mechanism and indentation 
hardness. Another mechanical property, the crack resistance, was found to be related to the 
plastic deformation. The glass with the lowest degree of plastic deformation has ~7 times 
higher crack resistance than the glasses with the second lowest degree of plastic 
deformation. 
The results obtained in this thesis have important implications for understanding glass 
formation and the glass transitions, and for characterizing composition-structure-property 
relations in oxide glasses. Simple topological models have been derived that predict the 
general structural trends in mixed network former borophosphate and phosphosilicate 
glasses. Also, several difficulties in applying temperature dependent constraint theory to 
oxide glasses have been addressed, such as the effect on one-fold coordinated atoms, and 
the how to treat the network modifiers. The picture that emerges is that the network formers 
are straightforward to deal with, but the network modifiers are more difficult. In this thesis 
it is suggested to treat the modifier constraints semi-empirically through a constraint 
strength parameter. The advantage of this approach is that the calculations are fairly simple 
and can be performed with pen and paper or a spreadsheet. The disadvantage is that this 
approach may ignore important aspects of the structure-property relation. 
The study of the composition dependence of the deformation mechanisms in silicate 
glasses revealed that the Yamane & Mackenzie model for indentation hardness is empirical. 
Moreover, the relations between the deformation volumes and glass properties could not be 
used to develop a better model for indentation hardness. It must be concluded that our 
understanding of indentation hardness as a material property is still incomplete. The 
compositional dependence of indentation hardness in borophosphate and phosphosilicate 
glasses was described well by a linear scaling with the number of network constraints. This 
result indicates that a microscopic description of indentation hardness could be within reach. 
This is in contrast to the macroscopic description employed by Yamane & Mackenzie, who 
use macroscopic properties such as the average bond strength and the elastic constants to 
theoretically describe hardness.  
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Response to comment on “A model for phosphate glass topology 
considering the modifying ion sub-network” [J. Chem. Phys. 140, 
154501 (2014)] 
 
Christian Hermansen1, John C. Mauro2, Yuanzheng Yue1,1) 
1Section of Chemistry, Aalborg University, Fredrik Bajers Vej 7H, 
Aalborg 9220, Denmark 
2Science and Technology Division, Corning Incorporated, Corning, 
New York 14831, USA 
 
In our recent paper [J. Chem. Phys. 140, 154501 (2014)], we applied 
temperature-dependent constraint theory to model the glass transition 
temperature (Tg) and liquid fragility index (m) of alkali phosphate 
glasses. Sidebottom commented on this paper concerning the m values 
obtained by differential scanning calorimetry (DSC).1 We have 
considered Sidebottom’s comments carefully and conclude that the m 
values of phosphate liquids obtained by DSC are mostly reliable, except 
for the NaPO3 and possibly P2O5 compositions. Based on his dynamic 
light scattering (DLS) measurements, Sidebottom has found that P2O5 is 
a strong liquid with m ≈ 20. However, based on the heat capacity jump 
at Tg and the stretching exponent of the relaxation function, P2O5 should 
be classified as an intermediate fragile liquid with m ≈ 40. We also argue 
that m cannot be universally related to the average connectivity of the 
network and point out several inconsistencies with this view. 
 
Anhydrous binary alkali phosphate glasses, written as xR2O (1-x)P2O5, 
have an anomalous minimum in their compositional variation of the glass 
transition temperature (Tg) around x = 0.2. In our recent paper2 the minimum 
in Tg(x) was modeled using temperature-dependent constraint theory and 
found to be caused by crosslinking of the modifying ion sub-network. 
Temperature-dependent constraint theory can also predict the liquid fragility 
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2 
 
(m). We compared the predicted m values of sodium phosphates to 
experimental data from the  differential scanning calorimetry (DSC) data of 
Hudgens3. These experimental results were obtained using the well-known 
method of Moynihan.4,5  
In his comment, Sidebottom argues that the liquid fragility data derived 
from the DSC measurements by Hudgens3 are incorrect.1 Instead he relies 
on the m data obtained through dynamic light scatting (DLS) 
measurements.6,7 Sidebottom believes that the DLS data are accurate, and he 
also discusses his interpretation regarding the theoretical origin of liquid 
fragility.1 We respond to each of the points raised by Sidebottom in detail 
below. 
A. Is DLS more suitable for liquid fragility measurements on 
sodium phosphates than DSC? 
Sidebottom1 argues that DLS is more suitable technique for 
determination of m compared to DSC because it is an in situ measurement 
with lower risk of contamination by water and because it spans a greater 
range of reduced temperatures, viz., from Tg/T = 0.6 to 0.9.6,7 
There is little evidence of significant water contamination in Hudgens’ 
DSC measurements.3 The water content for the sodium phosphate glasses is 
estimated to be < 1 mole% H2O based on elemental analysis of hydrogen 
content and intensity of the P-OH stretching vibration in infrared 
spectroscopy.3 The DSC measurements were performed ex situ, but in 
hermetically sealed aluminium pans. Moreover, as Sidebottom points out in 
his comment, the DSC Tg of P2O5 at 653 K is close to the Tg estimated by 
DLS, i.e., 670 K.6 
The range of Tg/T values explored by DSC is indeed quite narrow, with 
heating rates from 5 to 40 K/min typical values are Tg/T = 0.97 to 1.01. 
However, DSC has the advantage of directly measuring m in the 
temperature region around Tg, i.e., corresponding directly to the definition 
of m by Angell.8 With DSC, an extrapolation of the heating rate-Tg/T 
relation to Tg is not required for determination of m. In contrast, the DLS 
approach6 requires an extrapolation from high temperatures, which can lead 
to underestimation of m. The m derived from DSC has been found to agree 
with that from viscosity data for numerous glass systems.5   
3 
 
It should be noted that the DLS6,7 and DSC data3 actually agree quite 
well in the range of x = 0.1 to 0.4, so the main differences occur for the P2O5 
and NaPO3 compositions. The m values calculated from Hudgens’ DSC 
data3 are 40 ± 1 for P2O5 and 49 ± 4 for NaPO3, but in Sidebottom’s DLS 
data6 m is 20 ± 2 for P2O5 and 80 ± 4 for NaPO3.   
The liquid fragility of NaPO3 was recently measured directly by the 
temperature dependence of viscosity, and found to be m = 71.8 by fitting to 
the MYEGA equation.9,10 The poor agreement between the DSC m of 
NaPO3 and the viscosity m is most likely caused by only three heating rates 
having been used for this composition, versus five heating rates for the other 
compositions, leading to an unreliable m value for this composition. It is 
necessary to determine the liquid fragility of anhydrous P2O5 by viscosity 
measurements in order to conclusively settle the discrepancy between the m 
measured by DSC and DLS. However circumstantial evidence indicates that 
P2O5 is of intermediate fragility with m ≈ 40, as we will discuss next.  
B. Is P2O5 a strong liquid in terms of thermodynamic fragility? 
There is a well-known relationship between thermodynamic and kinetic 
liquid fragility.10,11 In general, the heat capacity jump from glass to liquid 
state, ∆Cp(Tg), can be regarded as a measure of thermodynamic fragility. 
Sidebottom1 argues that  P2O5 is strong since its ∆Cp(Tg) (= 6.29 cal/(mol 
K)) according to Hudgens’ measurement is small.3 However, a typical 
strong liquid like SiO2 has a ∆Cp(Tg) value of 0.64 cal/(mol K),11 which is 
10 times lower than that of  P2O5. We note that the ∆Cp(Tg) value of P2O5 is 
actually very close to that of Na2O•2SiO2,3 which has an intermediate m 
value of 45.12,13 
Also, the stretching exponent (β) of P2O5 at Tg measured by Sidebottom6 
is estimated to be β(Tg) ≈ 0.5 at Tg, which implies multiple activation 
barriers to viscous flow, i.e., non-Arrhenius dynamics characteristic of a 
more fragile liquid.12,14 In contrast, β(Tg) of for the prototypical strong 
liquids SiO2 and GeO2 are reported to be β(Tg) ≈ 0.7 and β(Tg) ≈ 1.0, 
respectively.12 
C. Should the modifier-related γ constraints be flexible at Tg? 
Sidebottom believes that the constraint onset temperature (Tγ = 590 K2) 
of modifier-related γ constraints is too high relative to the Tg(x) of xNa2O 
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(1-x)P2O5. Our recent work15 concurs with this assessment, and for sodium 
phosphates the γ constraints are only partially intact at Tg. However some γ 
constraints could explain the high Tg of sodium phosphate glasses. For 
instance,  Tg of NaPO3 is 567 K,3 whereas that of HPO3 is 263 K due to lack 
of crosslinking of the modifying oxide.16 
In Fig. 1 we fit the liquid fragility data by Sidebottom’s DLS data7 using 
Eq. (4) in our original paper1 and our refined model for sodium phosphates15 
and find a value of Tγ = 575 K. By definition, half of the constraints are 
intact at T = Tγ, and so a Tγ slightly above Tg agrees well with our value of 
the constraint strength qγ = 0.75 for sodium phosphate glasses.15 
Molecular dynamics (MD) simulations on Na2O•2SiO2 by Bauchy and 
Micoulaut17 confirm that Eq. (5) in our original paper2 is a good description 
of the fraction of intact constraints, but find that the constraint onset 
temperature for the Na+−O stretching constraint (equivalent to the γ 
constraint) in silicate glasses is only 360 K. However, the temperatures 
derived from MD simulations often cannot be directly applied to real 
systems, and phosphate liquids have not been investigated by their method. 
Also, physically the rigid-to-flexible transition is not a discontinuous 
transition, i.e., there is a range of temperatures over which the rigidity 
transition occurs. 
D. Is fragility governed by the average connectivity of the liquid? 
Instead of considering the liquid fragility to be related to the first 
derivative of the degrees of atomic freedom over temperature, as derived in 
temperature-dependent constraint theory, Sidebottom1 argues that it is 
directly related to the topology of the network through the average 
connectivity of the network (ɸ), defined as the number of connections per 
network forming unit. Universally m should decrease steeply with 
increasing ɸ for ɸ < 2.4, and for ɸ > 2.4 m should level off or decrease 
slightly.18–20 The obvious challenge for Sidebottom’s idea is to explain why 
some glass formers instead shows an increase of m with ɸ. Alkali borates 
and alkali germanates are two systems that have increasing m with ɸ, and 
Sidebottom explained their deviating trends by their intermediate range 
order affecting the results.19,20  However, this explanation would give 
incorrect trends for the scaling of glass transition temperature with 
composition. 
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We agree that in many glass-forming systems, m – with the notable 
exceptions of borates and germanates – tends to decrease with ɸ, but 
disagree that this is universally true. Sidebottom originally proposed this 
hypothesis because the measured m vs. ɸ curve in phosphates agrees well 
with a reported minimum in m at the average coordination number ⟨r⟩ = 2.4 
for chalcogenide glasses.19,21,22 However ɸ and ⟨r⟩ are not the same, since ɸ 
does not take into account the coordination number of oxygen and ⟨r⟩ is 
defined as the average coordination number across all atoms in the glass.  
For example, for P2O5 ɸ = 3 but ⟨r⟩ = 2.29. Moreover, the reported 
minimum in m at ⟨r⟩ = 2.4 for chalcogenides is an issue currently under 
debate.23,24  
Apart from borates and germanates there are also other common glass 
formers that do not agree well with Sidebottom’s view, e.g., SiO2 with ɸ = 4 
and m = 20,12 CaO•Al2O3 with ɸ ≈ 4 and m = 11925,26 and Na2O•2SiO2 with 
ɸ = 3 and m = 45.12,13 The dependence of m on ɸ also cannot explain why m 
varies with varying the type of modifying oxides9,27 or with mixing of two 
alkali oxides.28,29 In contrast, the equation for fragility in temperature-
dependent constraint theory is derived directly from Angell’s definition of 
fragility,8 which gives a physically meaningful and quantitatively predictive 
connection between fragility and the change in the number of rigid 
constraints with temperature at the glass transition. 
 
FIGURES 
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FIG 1. The liquid fragility (m) measured by DLS6,7 and DSC3 as a function 
of x in xNa2O (1-x)P2O5. The model is fitted to the DLS data using Eq. (4) 
in Ref. 2, and using a slightly revised topological model.15 The constraint 
onset temperatures are Tα = 1400 K, Tβ = 1100 K, Tγ = 575 K and Tδ = 328 
K. νtobs = 2000 and m0 = 17. The lower m of this model compared to the 
previous2 is due to a higher Tβ = 1100 K compared to 850 K. The higher m 
at x = 0.5 is related to the higher number of γ constraints in our revised 
model15 and a higher νtobs = 2000 compared to νtobs = 250 in Ref. 2. 
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SUMMARY
The composition of glass can be varied continuously within their glass-form-
ing regions. This compositional flexibility makes it possible to tailor the 
properties of a glass for a variety of specific uses. In the industry such tai-
loring is done on a trial-and-error basis with only the intuition of a glass sci-
entist to suggest a way forward.
To a first approximation the intuition of the glass scientist boils down to two 
ideas: First, a higher degree of polymerization causes an increase in physical 
properties such as the glass transition temperature and hardness. Second, a 
higher oxygen bond strength also increases such properties. Yet, these rules 
are not strictly followed even for the simplest binary oxide glasses, such as 
alkali silicates, borates and phosphates.
In this thesis it is argued that the missing link between composition and prop-
erties is the glass structure. Structural models are proposed based on topolog-
ical selection rules and experimentally verified. The relation between struc-
ture and properties is evaluated using topological constraint theory, which in 
its essence is a theory that quantifies the two intuitions of the glass scientist. 
The end result is a quantitative model capable of ab initio prediction of the 
oxide glass properties from composition.
